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CHAPTER I. INTRODUCTION 
The management practices of agriculture, including conservation and 
tillage options, have recently received a great deal of attention as to 
the nature and magnitude of their impact upon the environment. Research 
efforts also have been focused in this area to expand the frontier of 
knowledge on the direct Impacts of reduced on-site productivity resulting 
from the erosion of fertile topsoll and also to Increase the understanding 
of the indirect impacts from the resultant suspended sediment in the na­
tion's public waterways [134]. On-site erosion damages include the loss 
of topsoil, lower site productivity, scarred topography, degradation of 
aesthetics, and inoperable roads. Downstream damages include impairment 
of aquatic life. Increased costs of downstream water treatments, increased 
downstream flooding, diminished aesthetic qualities, and reduced channel, 
reservoir, and lake capacities [119]. 
To develop national models to analyze these phenomena, many man years 
of effort were funneled Into data accumulations: production functions, 
cost matrices, input alternatives, equipment schemes, demand scenarios, 
and technological innovations [74]. The end result was a large-scale 
interregional competitive programming model for the agricultural sector 
of the contiguous United States. This modeling effort was a giant step 
forward in understanding the complex interactions of policy, production, 
and residuals generation relating to nonpolnt pollution through agriculture. 
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While great progress was made and answers were provided for a large 
number of questions, other problems and deficiencies became evident from 
this research. The agriculture land base constituted less than 15 percent 
of the total land area being modeled and, although cropland was the lar­
gest nonpolnt contributor per acre, there were many river basins In which 
the major component of suspended sediment was from sources other than 
agriculture. This realization accentuated the need for detailed study 
into the other nonpolnt sources of erosion and resultant sedimentation. 
Silviculture: An Additional Source 
Concurrent with the realization of the need for expanded Internal 
modeling capacity, other nonpolnt sources of erosion and resultant sedi­
mentation such as the forest sector were advancing to the forefront of 
public awareness. The Federal Water Pollution Control Act Amendments of 
1972 (P.L. 92-500) required the administrator of the Environmental Pro­
tection Agency to develop "guidelines for identifying and evaluating the 
nature and extent of nonpolnt sources of pollutants and processes, pro­
cedures, and methods to control pollution resulting from agriculture and 
sllvicultural activities, including runoff from fields and crops and 
forest lands" [301. 
Public law 92-500 has set interim goals for control of water 
pollution: best practical technology should be achieved by 1977, and best 
available technology by 1983, It was emphasized that water degradation 
caused by nonpolnt pollution may well emerge as the major barrier to 
achievement of p.L. 92-500'S goal: Control of point sources of pollution 
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is being attained but nonpoint sources are more intangible, difficult 
to monitor, and hard to enforce fl301. Section 208 of the 1972 Federal 
Water Pollution Control Act Amendment (P.L. 92-500) cited forest land as 
a potential sediment source contributing to env7. .ronmental deterioration 
[30]. Intensive silvicultural activity and road construction for site 
access on forest land have been designated as major contributors to exces­
sive sediment rates [129.11. The forest environment was selected as an area 
requiring detailed research particularly for the harvest activities. 
Research of this nature will enable the forest industry to meet national 
demands for forest products and simultaneously stay within acceptable 
environmental standards. 
The approach undertaken by the managing and regulating agencies was 
to develop management activities that would allow the operator to extract 
the forest product and yet stay within acceptable environmental standards. 
Best Management Practices (BMP's) were conceptualized to fill this need. 
Conferences and seminars were conducted to determine the state of the 
what were the hypothetical BMP's for different spatial locations and local 
site characteristics [961. 
It readily became apparent that there was not a universal BMP or even 
a set of BMP's that filled the void and, furthermore, the standard or 
guidelines for acceptable environmental impacts were not known [gg] 
The general concensus was that the residuals produced must be within 
nature's assimulative capacity. But how quickly this goal must be attained 
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and exactly what were the numerical magnitudes to use as standards for 
abatement were not as yet supported by empirical research. 
Study Objectives 
Water quality surfaced as a key criterion for environmental 
management and functions as a common element for point and nonpoint 
sources alike. Urban construction, crop production, forage production, 
and wood fiber production behave as competitive uses for the existing land 
area and also as alternative sources of residuals production. The Center 
for Agriculture and Rural Development has concentrated primarily upon the 
agricultural cropland [48,74] at the macro level. The emphasis 
was on commodities, their production, transport, and consumption in a 
competitive framework based on absolute and comparative advantage asong 
areas. Recent work Included accounting for the negative residuals pro­
duced as a joint product with the desired agricultural commodities. Along 
with the production of a corn crop erosion was generated. The joint pro­
duction of erosion was Included In the model framework and enabled environ­
mental impacts from agricultural production to be determined. 
Similar analysis on the other types of land use could contribute 
substantially to the understanding of the sector interaction and environ­
mental impacts. This orientation of commodity and residuals production 
is explored for the forest land areas and is a major thrust of this study. 
The fOcUâ of this atudy la first on the nation's forest sector as a 
separate entity and second on the interface between the forest and agri­
culture sectors. Policy options may then be analyzed that encompass both 
the agriculture and forest sectors. The model structure allows policy 
implementation to be conducted at the producing area level, river basin 
level, or a national perspective regarding activity impacts. Construction 
of an interactive model of this nature requires both a macro spatial 
orientation and a detailed forest site information base. The forest sec­
tor must be constructed with sufficient depth to interact with the complex 
agriculture model already constructed. 
The specific objectives of this study are as follows: 
1. To develop functional relationships between the dominant site 
characteristics of forested areas and the undisturbed rate of 
suspended sediment generated; and to estimate the functional 
relationship between suspended sediment levels and related 
physical phenomena of mass erosion, fire, and deviations from 
management. 
2. To integrate the results obtained from the site-specific local 
research on the forest sector into a comprehensive national 
model encompassing: the equation results, forest resource base, 
demand levels, activity costs, and the transportation mechanism 
of residuals. 
3. To analyze selected environmental and resource policies that are 
consistent with national, river basin, or producing area objec­
tives . 
The modeling and analysis conducted in this effort include normative 
and positive orientations for the forest sector as a separate entity. 
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The model for the forest sector is then applied to the forest-agriculture 
Interface. The normative programming orientation is, in essence, an 
initial solution of the model that is based on what should be. This model 
is not restrained by historic patterns of spatial harvest location or 
restraints on the technology used for the harvest process. This normative 
approach In effect deletes any institutional restrictions from the optimi­
zation process of economic and physical phenomena. Follow-up model solu­
tions will be solved Incorporating current harvest technique and spatial 
restrictions; this is an attempt to closely approximate real world condi­
tions. Relevant policy variations will be analyzed as to the magnitude 
and sensitivity of response between the forest and agricultural sectors 
for both the restricted and unrestricted formats. 
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CHAPTER II. THE ROLE OF THE FOREST 
ENVIRONMENT AS A CONTRIBUTOR 
TO SUSPENDED SEDIMENT 
This chapter is designed to introduce some of the physical 
relationships existing in a forested en--i.ronment. The intent is to 
describe the process of erosion and resultant suspended sediment for a 
forested ecosystem. The variables that constitute the problem source are 
developed, explained, and defended. Suspended sediment is depicted to be 
the key parameter in the formation of a practical forest model that bridges 
the gap between production and environmental considerations. Suspended 
sediment is the best available index of water quality, and is influenced 
by silvicultural decisions effecting the forest ecosystem of the continen­
tal United States. 
The formation, detachment, transport, and deposition of sediment 
particles is presently occurring and has been occurring since the emergence 
of the first land areas from the depths of the oceans. Over time, the 
rock is transformed gradually into smaller and smaller fragments and, 
eventually, approaches a growth medium known as soil. There is an equilib­
rium rate of formation, detachment and transport for each land area which 
is Influenced by exogenous impacts of climatic origin and man. The de­
tachment and transport of this growth medium known as soil in a forest 
environment is the focal point of more detailed analysis in this study. 
Movement of soil particulates or detachment is a process known as 
erosion. Erosion may be initiated by the kinetic forces of wind and(or) 
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water. Wind erosion In beyond the present scope of this research, 
particularly since the buffering effect of forests as wind barriers negates 
the magnitude of this force. Erosion Is but one of three basic processes 
of sedimentation, the other two are sediment transport and sediment depo­
sition. Sediment transported to rivers, streams, or creeks Is usually 
considered to be In one of two categories, suspended sediments or bedload 
materials. Suspended sediment Is typically monitored in streamflow both 
because of its Importance in water quality and because it is considered to 
be a useful Index of the total sediment discharge and future expected 
sediment deposition [114]. Sediment that enters the public's waterways 
is the end result of soil erosion. 
Erosion from forest lands may originate from any of the following 
sources: surface erosion, also known as sheet and rill, mass erosion, and 
channel erosion [126]. In most streams of the humid area of mid=America 
by far the greatest component of the total sediment load is suspended 
sediment [50]. Suspended sediment accounts for greater than 80 percent 
of the total sediment transported [114], Differences in sediment dis­
charge rates from watersheds can be attributed to differences in erosion 
from watershed slopes and channels and to differences in the transport of 
eroded materials from the watersheds. The rate of suspended sediment 
generated from an area represents an Integrated average of the sediment 
discharge from all parts of the watershed including the channel itself 
[1101. The drainage system is an integral component of the forest environ­
ment and its contribution must also be monitored. 
9 
The hydrology of rivers and streams is influenced by the sources of 
the runoff. If the sediment load of a river is significantly decreased, 
the river will erode its banks and pick up previously deposited sediment 
to reestablish its equilibrium balance of energy. Colloid material car­
ried by stream water stabilizes the stream bed, making possible higher 
flow velocities without erosion from the bed than allowable if the stream 
water were clear [981. Clear water always has a greater unsatisfied 
detachment and transport capacity than does muddy water [93.1181 
Most of the sediment transported in streams has its source outside 
the channel but even complete elimination of all outside sources would 
not quickly eliminate sediment from the streams. This indicates that ex­
treme statements of actions to clean the rivers and claims of instant 
improvements by banning certain activities must be tempered and given 
careful consideration to the true cause-effect relationship. Just as the 
hydrology of a river can dictate deposition of sediment or scouring of 
banks, the heterogeneous nature of the soil mantle can significantly 
influence the magnitude of contribution. Detachment removes the smallest 
soil fragments first. The pebbles and boulders so exposed can then divert 
surface runoff and reduce its velocity as the source becomes protected by 
a pavement of gravel [1191. 
Bedload material in a stream is mainly derived from gully erosion, 
streambank erosion, and channel degradation [601. The quantity of bed-
load material in a stream at any time depends upon the hydrologie charac­
teristics of the flow, and a positive relationship between the bedload 
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component and discharge Is expected. The concentration of suspended 
sediment, however, is more directly related to supply rather than discharge, 
hence, the climatic and physical factors affecting its transport have a 
greater Influence than does discharge. Since bedload is a small component 
of the total sediment load and typically represents the channel source; 
this study will concentrate its attention on that subset of gross erosion 
that enters the public waterways, know as sediment. More specifically, 
the emphasis is placed on the major component of sediment that originates 
primarily from the nonpolnt surface horizon, that is, suspended sediment. 
Water Quality as a Management 
Consideration 
The demands for the basic resource known as water are a function of 
the diverse array of alternative uses for the product. Water fulfills 
basic biological needs of flora and fauna, is used as a means of trans­
portation, fulfills biological human requirements of consumption and crop 
production, is used as a coolant, as a source of recreation, and a source 
of hydroelectric power. The value of the water resource increases with 
scarcity. Scarcity is not related just to the quantity of water available, 
but also to the scarcity of the quality characteristics of available water. 
The quality characteristics of water are not independent of each 
other. Sedimentation entering the waterways affects more than just how 
clear the water in the stream looks. Sediment increases the turbidity 
and temperature of water but lowers its dissolved oxygen content. The 
lower dissolved oxygen level results from both the higher temperature 
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and the biochemical oxygen demand of the organic fraction of sediment 
[93]. Another quality characteristic of water that has advanced to a 
position of equal importance with clarity and temperature for many com­
peting uses is also a result of the interdependent relationship of the 
water quality medium. Sediment affecting clarity and temperature is also 
a carrier of nutrient ions [117]. Adsorbed ions on sediment contribute 
to excess nutrient salts and are often the means by which biocides, pesti­
cides, and minerals are released into the water [119]. The problem of 
water quality deterioration is not apparent only at the time the sediment 
particles enter the public waterways. The release of the ionic uptake of 
the particles can function as an extended pollution source as long as the 
sediment particles remain in the system. 
Erosion and sedimentation are among the most serious hydrologie 
problems facing the United States at the present time [28]. Sediment is 
far and away the major polluting agent in this country. In terms of 
volume, it exceeds in importance all other sources of pollution combined: 
domestic, agricultural, industrial, and other waste sources [93,128]. 
detrimental effects and variety of economic, engineering, and environmental 
problems caused by sediment in streams are now being considered in water 
pollution abatement programs [2]. Sediment stored is at the expense of 
this year's water—both quantity and quality. Almost all good reservoir 
sites have been taken [ 8], so prevention of the loss of present reservoir 
capacity is another reason for examining the sediment problem in more 
depth. Reservoir deposition is another prime example of the fact that 
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sediment is not just a short-term problem but one with a history and, 
unfortunately, also a future. 
The quality aspects of water are positively correlated to sediment. 
It is of further concern to realize that the suspended sediment component 
of the total sediment load is the parameter most often used as an index 
of erosion from a watershed [58]. . Concentration on activities that in­
fluence this parameter will contribute to the solution of the overall 
problem of sediment. Therefore, instream suspended sediment is projected 
as the key parameter of the overall problem of nonpoint residuals produc­
tion. Suspended sediment functions as the measurement unit necessary to 
adequately represent environmental deterioration associated with nonpoint 
residuals production. In this context it is not the quantity aspect of 
surface water that constitutes the problem but rather it is the quality 
aspect of water that assumes the problem role and the properties of an 
economic good, deriving value and, therefore, impetus for further research. 
The Role of Vegetation on the 
Production of Suspended Sediment 
A realistic evaluation of suspended sediment must give full 
recognition to the potentially overwhelming effects of vegetation [39]. 
Walt Wischmeier developed a special appendix to the Universal Soil Loss 
Equation in an attempt to isolate the profound influence of undisturbed 
vegetation upon the generation of erosion [109]. Wischmeier attempted to 
develop a quantitative evaluation of the effectiveness of vegetation cover 
as a deterrent to soil erosion by rainfall and runoff. The influence of 
vegetation can have three significant regions of impact upon the end 
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product of suspended sediment: depending upon the height of the 
particular vegetation type there exists the possibility of a suprasurface 
influence primarily from interception, there exists wide variability in 
the second impact which occurs at the soil surface and is primarily in­
fluenced by vegetation density, and finally, there is the subsurface im­
pact resulting from the soil-holding capacity of the vegetation root 
system. 
Erosion and resultant suspended sediment reaches a maximum with annual 
rainfall between 10 and 15 inches, because improved vegetation causes a 
decrease above 15 inches and runoff is infrequent below 10 inches. The 
growth and eventual accumulation of organic residues on and incorporated 
into the soil surfaces commonly associated with undisturbed conditions 
would probably provide soil protection that would equal or exceed that 
provided by introduced species [95]. This implies that natural or un­
disturbed sediment generation rates are the lower limit and could function 
as a management objective. 
The effect of vegetation in controlling storm runoff and suspended 
sediment is documented across a great diversity of research conditions. 
Extreme variability can exist between vegetatlonal cover extremes on the 
same soil types, with identical climatic and topographical conditions. 
Results indicate that no suspended sediment and virtually no overland 
flows occur on sites having normal vegetation, whereas bared sites have 
lost up to 17 tons per acre from one storm [90]. 
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Disturbance is one of the most important factors affecting stability 
of steeply sloping terrain. As a general rule, with increasing disturb­
ance comes increasing site erosion and, therefore, the potential for 
increased suspended sediment also increases. Plant and litter cover is 
the greatest deterrent to surface erosion [104]. The implication of this 
deterring effect is that after disturbance vegetation regrowth and season­
ing of the erosion surface tends to reduce surface erosion with the pas­
sage of time. Erosion material accumulates rapidly immediately after the 
disturbance, but the rate of accumulation decreases with time [68]. Thus, 
we can expect a time trend in surface erosion rather than an even rate. 
The erosion rate decreases rapidly the first two years after disturbance, 
with 84 percent of the erosion occurring in the first year and 94 percent 
occurs by the end of the second year [69]. Suspended sediment, on the 
other hands is better approximated by an average figure because of the 
lower absolute levels and the buffering vegetatlonal effects which alter 
the final entrance time of the erosion materials into the waterways. 
Vegetation and site disturbance are Important Influences of suspended 
sediment rates from a biological viewpoint and also from a management con­
text. Vegetation cover is basically the only site characteristic that the 
land manager has any control over; the parent materials, slopes, length 
of slope, rainfall, rainfall intensity, and timing of precipitation are 
all in the category of exogenous parameters. Vegetation manipulation 
may be undertaken to attain a variety of objectives either independently 
or simultaneously. Maximum fiber or forage production may well be 
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consistent with suspended sediment goals. On the other hand, although 
protection of the soil mantle with a complete cover of organic matter is 
compatible with good watershed stewardship, it may be in direct conflict 
with fire protection and incompatible with silvicultural requirements 
for desired species management. 
Forest Influence and the Environment 
Specific concentration upon the forest environment as a nonpoint 
source is an attempt to isolate the magnitude and extent of the degree 
of influence that a particular subset of the overall category of vegeta­
tion has on the generation of natural soil erosion and resultant sedimen­
tation. The forest environment is typically regarded as a stable environ­
ment with respect to soil movement. In the public mind, streamflow 
Issuing from undisturbed wildlands represents the highest standard of 
water quality; it is depicted as clear, cool, and pure—and the public 
wants it kept that way [93]. Concurrent with the desire to protect the 
sst onvironniczit, the pressure on forest land for altsmativs goods and 
•services relating to multiple usage has set the stage for conflicts of 
interest. The increased stream of goods and services from the forest 
environment is at the expense of water quality. 
Quality can be more dramatically changed than any other water yield 
characteristic [93]. It should be remembered that forest use is often 
a residual use, that is, the area was not desired for any other purpose. 
This results in the condition that forests are located in the most adverse 
sites such as areas of poor drainage, shallow soils and steep mountain 
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terrain. It Is not difficult to appreciate that these fragile environ­
ments may be drastically affected by careless management activities. 
Activity in a small subset of a watershed may display visible damage to 
the water quality from the entire watershed. The negative Impact may be 
in the form of increased sedimentation or the related problem of large 
amounts of harmful chemicals adsorbed to the particulates that originate 
from the forest environment [90]. Forest litter also removed in the 
overland flow is regarded as an additional organic pollutant and with 
sediment is rated as the most significant pollutant from silvicultural 
activity [126]. 
Forest cover conditions vary greatly across the conterminous United 
States. This diversity is attributed to differences in parent material, 
topography, climate, and even the Influence of man's activities. Forest 
conditions act as a buffer against the elements of nature and Insulate 
the soil mantle against the impact of rain, obstruct overland flow, and 
retard the movement of soil by water forces. These conditions reduce 
erosion and sediment production to a minimum rate [44]. Overland flow 
may be considered nonexistent or negligible in forest stands that are 
presumed to have ideal infiltration characteristics. This is particularly 
true when high infiltration rates are found in conjunction with unlimited 
water storage capacity in the soil and rock mass. Infiltrated water does 
not contribute to floods, floods are caused by overland flow [92], Thus, 
land use greatly influences the hydrology of the area. Physical conditions 
of this nature are apparent in much of the Great Lakes region and also in 
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the Douglas Fir forest areas of the northwest. In these areas complete 
cover, low intensity precipitation, and high infiltration and percolation 
rates result in runoff flowing entirely through the soil mantle. 
Ideal conditions are not always the case for the forest environment ; 
high intensity storms, rain on snow, rejuvenated slopes, and steep 
topography, often contribute to the generation of suspended sediment [23]. 
Even though there are many other forest areas where the infiltration rates 
exceed the precipitation rate, the total subsoil rarely has percolation 
rates this high. Adverse site locations and low percolation rates may 
make overland flow inherent in the environment regardless of attempts to 
maintain an ameliorating forest vegetative cover [77]. Even in areas 
where overland flow is presumed negligible, closer examination of hydro-
graphs and forest floor conditions is advisable. Perhaps, in reality, 
overland flow occurred in one of several possible routes : over accumulated 
leaf debris, laterally at the interface of humus and the mineral surface 
or laterally through the uppermost porous mineral layer. This last 
source should also be considered because of the possible speed with which 
water may move through these layers [83]. 
The major point of the previous discussion is the realization that 
forests do, in fact, contribute to the suspended sediment that currently 
pollutes the nation's waterways. However, the rate of contribution under 
undisturbed conditions is considered a minimum for the site specific con­
ditions in which the forests are grown. In the South, pine stands are 
planted on abandoned agricultural land areas and other areas of high 
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erosion potential. Establishing a closed pine stand is considered one 
of the surest ways to reduce or permanently eliminate sediment production 
from bare sites, but pines may require up to 10 years after planting to 
drop sufficient litter and develop a protective root system to fully pro­
tect the site [31]. The soil surface is the key to minimizing erosion 
and suspended sediment contribution on nonchannel portions of forest 
watersheds [120]. 
It is also imperative to realize that the disturbance of even a small 
portion of the forest watershed may significantly increase the suspended 
sediment rates for the entire area. Suspended sediment is the quality 
index most closely associated with environmental deterioration. Manage­
ment activities such as harvesting the forest site result in varying de­
grees of disturbance that result in alternative accelerated suspended 
sediment rates. Sediment may then be considered a joint product realized 
in the harvest process that contributes negatively to the overall well-
being of society. Therefore, site sediment potential should influence 
silvicultural decisions [104]. The selection of the optimal harvest 
method with which to harvest the forest product should be undertaken with 
sediment production as an additional argument in the decision process 
besides the typical criterion of cost minimization. 
Theoretically, the harvesting operation should be forced to 
internalize the abatement costs of the joint suspended sediment into its 
production function and operating costs. This requires that the rate of 
suspended sediment produced from the particular undisturbed forest stand 
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be known. This base level is needed in order to isolate the accelerated 
portion of the suspended sediment occurring after the initiation of the 
activity. Since sediment concentrations vary widely under undisturbed 
conditions a universal undisturbed suspended sediment rate is not realis­
tic. Isolated samples do not adequately represent watershed conditions 
[58]. Long-run relationships between suspended sediment and significant 
site characteristics must be developed before sediment concentrations 
can be used to evaluate the acceleration contribution resulting from al­
ternative treatments or harvest operations for the forest sector of the 
United States. 
20 
CHAPTER III. LONG-RUN RELATIONSHIPS BETWEEN 
SITE CHARACTERISTICS AND THE UNDISTURBED 
RATE OF SUSPENDED SEDIMENT 
Chapter I paints the overall picture of the problem situation of 
nonpoint pollution sources contributing to environmental deterioration. 
Cropland, rangeland and forest land are cited as major land uses which 
potentially contribute to the problem of reduced water quality. Chapter 
II presents the nature of the biological interactions that are occurring. 
Suspended sediment is selected as the most appropriate water quality index. 
The emphasis is then shifted toward the role of the forest environment 
as a potential contributor of suspended sediment. This chapter attempts 
to explore the physical nature of an undisturbed forest ecosystem in more 
detail. The rate of sediment that occurs naturally is isolated and the 
relationship of the site characteristics to the undisturbed sediment rate 
provides the initial base to which natural and unnatural disturbances of 
the forest may be compared. 
Development of the relationship between specific site characteristics 
and the rate of suspended sediment is not really a new concept. The 
Universal Soil Loss Equation (USLE) developed by Wischmeier and Smith 
[136] relates gross erosion to site characteristics on agricultural land 
areasI and H.W. Anderson has done a great deal of work in the Southwest 
in relating erosion to forest site conditions [ 6 » 7 » 81• This effort 
takes elements from both of these well-known experts; an equation of 
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national scope by Wischmeier used on forest areas taken from Anderson's 
work. The work undertaken is unique in that it applies the methodology 
developed to the estimation of the actual instream suspended sediment 
contribution at a national level; suspended sediment is determined to be 
a reliable index of the quality characteristics of water. 
The role of nature and its broad array of impact possibilities is 
simplified into a single unit of measurement called the geologic norm or 
the undisturbed rate. The undisturbed rate of suspended sediment gener­
ated from forest lands is a function of the interaction of topographic 
characteristics, climatic influences, geology, and vegetative formation. 
The range of influence encompasses the spheres of suprasurface, surface, 
and subsurface. The direction of causation certainly is not well-docu­
mented, but the end result is a long-run estimation that is capable of 
operating as a benchmark for the specific area in question for which the 
relevant parameters have been monitored. 
The proposed undisturbed rate of sediment production is just that; 
equation development does not include the direct and indirect impacts of 
outside influences such as man's activities, the occurrence of mass ero­
sion events, and the presence of fire in the environment. Harvesting 
activities, mass erosion, and fire all receive separate attention in the 
following chapters; each includes the undisturbed rata as an integral 
component of their development. It must be further emphasized that sus= 
pended sediment is the relevant variable of the equation estimation. 
Suspended sediment is the subset of gross erosion at the site that actually 
enters a component of the nation's public waterways. 
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Variable Selection 
The development of the relationship between the forest sector's 
undisturbed sediment production rate and the Influencing site character­
istics is guided and constrained by existing knowledge and published 
results. Detailed site specific data such as that utilized by Anderson 
In his work [ 6> 9, 10] is not available for large areas or major river 
basins. In order to obtain the macro perspective desired for this study, 
independent variables that are homogeneous across large areas are required. 
An extensive survey of the available literature revealed several site 
characteristics that were deemed significant by various professionals at 
different localities. These variables still satisfied the additional 
criterion of being monitored across the conterminous United States by 
individual researchers, experiment stations, government agencies, and 
university projects. 
The site characteristics that emerged as the dominant ones and 
satisfied the criterion of being uniformly measured are; the size of the 
drainage area in acres, the erosive nature of the parent material of the 
site, the rainfall in the area measured in inches per year, the runoff 
from the area also measured In Inches per year, the presence of snow 
events in the area, the average elevation of the site in feet above sea 
level, and the average slope of the drainage area in percent. Table 1 
displays the dependent variable suspended sediment and the site character­
istics that are monitored at the specific sites. The table also lists 
the author or agency that contributed the information^ These dats are 
Table 1. Site characteristics of natural forests by regions 
Suspended 
Date Location Sediment Drainage 
of (county/ (tons/acre/ Area 
Author Publication state) year) (acres) 
Northeast Region 
Lull & Reinhart [63] 1972 Grafton-N.H. .05 38.55 
Lull & Sopper [64] 1967 Grafton-N.H. .01 104.77 
uses [ 2 2 ]  1971 Oxford-ME. .09 44,480 
uses [22] 1971 Burlington-N.J. .04 1,478 
uses [22] 1971 Ulster-N.Y. .03 38,080 
USGS [22] 1971 Franklin-Penn. .08 29,568 
Central East Region 
Aubertin & Patrie [13] 1974 Tucker-W.V. .18 94 
Copley [24] 1944 Tredell-N.C. .237 6 
Ellertsen [38] 1968 Union-TENN. .03 1,715 
Miss. Water Conf.[m] 1972 Renderson-TENN. .03 88 
0'Bryan & McAvoy [75] 1966 Baltimore-MD. .08 224,000 
Patrie & Relnhart [81] 1971 Tucker-W.V. .017 96 
Smith & Stamey [95] 1965 Tredell-N.C. .002 .01 
USPS [113] 1957 Macon-N.C. 
.07 6,100 
USGS [22] 1971 Perry-TENN. .44 286,080 
USGS [221 1971 Haywood-N.C. .54 31,488 
Wolman & Schieek [137] 1967 Allegany-MD. .32 72.4 
South East Region 
Dissmeyer 1973 Berkeley-S.C. .001 999,999 
Ursic [132] 1969 Lafayette-Miss. .112 6.81 
Ursic [132] 1969 Lafayette-Miss. .001 3.35 
Ursic [132] 1969 Lafayette-Miss. .006 3.58 
Ursic [132] 1969 Lafayette-Miss. .015 2.6 
Ursic [132] 1969 Yalobusha-Miss. .033 6.95 
Ursic [132] 1969 Yalobusha-Miss. .049 4.77 
Ursic ri32] 1969 Yalobusha-Miss. .051 5.91 
Jrsic [132] 1969 Yalobusha-Miss. .068 4.06 
Ursic ri32] 1969 Yalobusha-Miss. .020 3.67 
USGS [221 1971 Aiken-S.C. .02 55,680 
USGS [221 1971 Perry-Miss. .09 33,408 
USGS [221 1971 wâkullâ-Flâ. . 2 62,656 
USGS [221 1971 Rabun-GA. .006 36,160 
USGS [221 1971 Winston-Ala. 3.3 58,240 
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Parent 
Material Rainfall Snow Runoff Elevation Slope 
(type) (inches) (1,0) (inches) (feet) (Percent) 
Sedimentary 37 1 23.4 2,000 25 
Sedimentary 37 1 23.4 2,000 25 
Sedimentary 44 1 34 2,750 65 
Basic Igneous 44 1 13 162 10 
Sedimentary 42 1 25 2,388 35 
Sedimentary 38 1 17 1,470 35 
Sedimentary 58 0 30 2,500 30 
Acid Igneous 29.24 0 5.94 870 18.6 
Acid Igneous 46.6 0 18.1 782 6 
Acid Igneous 59.78 0 9.99 782 6 
Acid Igneous 46 1 18 1,010 8 
Sedimentary 56.9 0 30 2,610 20 
Acid Igneous 46,5 0 .03 870 10 
Basic Igneous 80 0 39 2,760 50 
Sedimentary 52 0 22 757 35 
Sedimentary 49 0 30 4,290 65 
Acid Igneous 42 1 17 1,200 8 
Sedimentary 45 0 8 320 8 
Basic Igneous 53.3 0 6.11 46 25 
Sedimentary 55.9 0 .11 68 25 
Sedimentary 55.7 0 1.08 64 25 
Sedimentary 55.8 0 4.02 40 25 
Sedimentary 48.7 0 8.06 43 25 
Sedimentary 48.7 0 8.25 59 25 
Sedimentary 48.9 0 7.14 63 25 
Sedimentary 49.4 0 4.26 58 25 
Sedimentary 49.4 0 3.18 02 25 
Sedimentary 44 0 14 365 10 
Sedimentary 60 0 20 220 10 
Sedimentary 56 0 25 80 10 
Sedimentary 68 0 40 3,690 65 
Sedimentary 52 0 26 800 10 
Table 1. (Continued) 
Suspended 
Date Location Sediment Drainage 
of (county/ (tons/acre/ Area 
Author Publication state) year) (acres) 
North Central Region 
Smith & Stamey [ 9 5 ]  1965 Muskingum-Ohio .01 2.23 
uses [22] 1971 Florence-Wisc. .01 83,840 
uses [22] 1971 Pennington-S.D. .013 53,120 
uses [22] 1971 Scioto-Ohio .47 8,192 
uses [22] 1971 Keweenaw-Mich. .05 8,704 
uses [22] 1971 St. Louis-Minn. .016 161,920 
uses [22] 1971 Winona-Minn. .06 64,640 
uses [22] 1971 Dearborn-Ind. .45 24,448 
uses [221 1971 Decatur-Ia. .6 33,600 
Verry ri33] 1973 Itasca-Minn. .01 23.5 
South Central Region 
Daniel [ 2 6 ]  1943 Logan-Okla. .01 5.62 
Rogerson [88] 1971 Saline-Ark. .01 4.35 
Smith & Stamey [95] 1965 Smith-Tex. .05 .01 
Smith & Stamey [95] 1965 Logan-Okla. .01 .01 
USGS [22] 1971 Burnet-Tex. .008 21,888 
uses [22] 1971 Comanche-Okla. .02 15,744 
USGS [22] 1971 Leflore-Okla. .02 25,664 
USGS r221 1971 Grant-LA. .01 32,640 
Northwest Region 
ASCE [ 4 ]  1975 Boise-Id. .001 .8 
Brown [17] 1972 Lincoln-Ore. .01 750 
Brown & Krygier fig] 1971 Lincoln-Ore. .2 500 
DeByle & Packer [27] 1973 Flathead-Mont. .001 2,000 
DeByle & Packer [27] 1973 Mineral-Mont. .001 1,800 
Fredriksen [41] 1970 Lane-Ore. .034 237 
Helvey [49] 1977 Chelan-Wash. .03 1,171 
Helvey [49] 1977 Chelan-Wash. .005 1,395 
Helvey 149] 1977 Ch@lsn=Wash. .004 1,267 
Kidd & Megahan [52] 1972 Valley-Id. .001 10 
Megahan & Kidd fyo] 1972 Valley-Id. .04 10 
USPS [1131 1973 Lane-Ore. .021 75 
USGS [ 2 2 1  1971 Carbon-wy. .08 46,528 
USGS [221 1971 Teton-Wy. .23 6,400 
USGS 1^22] 1971 Grays Harbor-Wash. .09 47,424 
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Parent 
Material Rainfall Snow Runoff Elevation Slope 
(type) (inches) (1.0) (inches) (feet) (Percent) 
Acid Igneous 37.3 1 1.2 1,100 14 
Sedimentary 29 1 12 1,500 35 
Sedimentary 20 1 1.5 6,515 35 
Sedimentary 43 1 15 905 35 
Sedimentary 28 1 13 997 10 
Basic Igneous 28 1 10 1,780 10 
Sedimentary 30 1 4 1,015 10 
Sedimentary 40 1 12 787 10 
Sedimentary 32 1 6 275 35 
Sedimentary 30.5 1 4.2 1,400 .1 
Sedimentary 28.68 0 .29 1,200 4.8 
Sedimentary 52.5 0 6 1,350 15 
Sedimentary 40.9 0 .14 1,780 12.5 
Sedimentary 30.6 0 .04 1,200 7.7 
Sedimentary 30 0 3 1,053 10 
Basic Igneous 29 0 3.5 1,805 35 
Sedimentary 56 0 22.5 1,775 35 
Basic Igneous 56 0 16 184 10 
Basic Igneous 32 5 5,005 62 
Sedimentary 100 12 850 35 
Sedimentary 100 13 740 35 
Basic Igneous 25 10 4,600 24 
Acid Igneous 40 10 4,800 55 
Basic Igneous 90 13 2,612 63 
Basic Igneous 22.4 6.94 4,900 50 
Basic Igneous 22.4 6.08 4,600 50 
Basic Igneous 22.4 4.38 4»420 50 
Basic Igneous 28.3 4.6 5,000 67 
Basic Igneous 28.3 4.6 5,000 70 
Basic Igneous 90 13 2,612 63 
Basic Igneous 30 1? 9,800 35 
Sedimentary 30 19 8,552 65 
Sedimentary 200 145 3.433 65 
Table 1. (Continued) 
Suspended 
Date Location Sediment Drainage 
of (county/ (tons/acre/ Area 
Author Publication state) year) (acres) 
uses [22] 1971 
uses [22] 1971 
uses [22] 1971 
Southwest Region 
Bailey & Copeland [14] 1960 
Brown [19] 1974 
Dunford [32] 1954 
Krammes & Burns [58J 1973 
Leaf [60] 1966 
Leaf 160] 1966 
Meeuwig [67] 1970 
Meeuwig [67] 1970 
Rich [85] 1972 
Rich [85] 1972 
Rich & Gottfried [86] 1976 
Rich & Gottfried [86] 1976 
Rich St Gottfried [86] 1976 
uses [22] 1971 
uses [22] 1971 
USGS [22] 1971 
USGS [22] 1971 
uSGS [22] 1971 
USGS [22] 1971 
USGS [22] 1971 
USGS [22] 1971 
USGS [221 1971 
USGS [22] 1971 
Wallowa-Ore. 
Glacier-Mont. 
Kootenai-Id. 
Davis-Utah 
Coconino-Ariz. 
ElPaso-CO. 
Mendocino-CA. 
Jefferson-CO. 
Jefferson-CO. 
Davis-Utah 
Davis-Utah 
Apache-Ariz. 
Apache-Ariz. 
Gila-Ariz. 
Gila-Ariz. 
Gila-Ariz. 
Salt Lake-Utah 
Grant-N.M. 
San Miguel-N.M. 
Nye-Nev. 
White Pine-Nev; 
Pima-Ariz. 
Mendocino-Cal. 
Mariposa-Cal. 
Lake-CO. 
La Plata-CD. 
.002 
.002 
.02 
.001 
.02 
.001 
.18 
.016 
.011 
.01 
.01 
.02 
.001 
.001 
.02 
.004 
.07 
.02 
.011 
.22 
.09 
.002 
4.6 
.31 
.02 
.08 
153,000 
20,096 
14,080 
1,378 
275,000 
.06 
1,255 
667 
306 
137 
217 
1,163 
900 
521 
248 
318 
4,640 
44,160 
34,048 
12,800 
7,104 
23^296 
4,160 
115,840 
14,720 
46,144 
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Parent 
Material Rainfall Snow Runoff Elevation Slope 
(type) (inches) (1.0) (inches) (feet) (Percent) 
Acid Igneous 40 1 25 5,720 35 
Acid Igneous 80 1 64 7,500 65 
Basic Igneous 40 1 20 3,900 65 
Sedimentary 46.84 1 11.79 7,500 45 
Acid Igneous 25 0 5.3 7,400 3 
Acid Igneous 17 1 1.67 7,600 17.9 
Sedimentary 48 0 12 3,400 10 
Sedimentary 26.93 1 5 8,500 39 
Sedimentary 30.05 1 5 8,500 36 
Sedimentary 46.84 1 8.8 7,890 24 
Sedimentary 46.84 1 18 7,973 19.5 
Acid Igneous 25.17 0 2.9 8,210 13.8 
Acid Igneous 25.17 0 2 8,210 12.6 
Acid Igneous 32.87 0 3.2 7,157 2 
Acid Igneous 32.87 0 3.4 7,157 7 
Acid Igneous 32.87 0 3.3 7,157 3 
Sedimentary 25 1 9.5 6,820 65 
Basic Igneous 13 0 3.5 8,144 65 
Sedimentary 24 0 7 10,472 65 
Sedimentary 20 0 3 9,094 65 
Sedimentary 30 0 5 3,100 65 
Basic Igneous 25 0 2 4,825 . 65 
Sedimentary 80 0 50 2,825 65 
Basic Igneous 55 0 25 8,950 65 
Sedimentary 30 1 18 12,085 65 
Sedimentary 40 1 20 10,992 65 
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the set used to develop the equations for estimating the suspended 
sediment generated from undisturbed forest lands. It should be noted 
that by using only forested areas In the data set an important source of 
variation is eliminated from predicting sediment rates, that is, vegeta-
tional differences are not entered as a source on variability. 
Data Measurement and Units Conversion 
Two basic approaches are used to measure the annual suspended sediment 
concentration from a drainage area. The first, used primarily on larger 
drainage areas, is the use of instream samplers to obtain measurements 
of the suspended sediment concentration in parts per million (Ï»PM). A 
technique to normalize the effect of abnormal years by reducing the vari­
ation in sediment yield as associated with discharge is also done by 
assuming the flow each year was equal to the long-term mean in volume and 
distribution, and utilizing a relationship between sediment concentration 
and dally discharge. The sediment yields thus attained provide an indi­
cation of the average expectancy of a change associated vith treatments 
[18,112]. 
The calibration process must be continued long enough to accurately 
reflect the streamflow pattern. If climatic events are not adequately 
sampled, conclusions about treatment effects are likely to be erroneous. 
The authors typically provide a volume measurement in tons per unit per 
year, if not, the following conversion equation is used. The annual 
suspended sediments (SS) in tons per square mile per year equals a weighted 
average of the suspended sediment concentration in parts per million (PPM) 
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times the mean annual streamflow In cubic feet per second (cfs) times 
a conversion factor. 
SS = PPM * cfs * .0984 
The second major approach to measurement of annual sediment, used 
primarily to measure small drainage areas, is to capture the runoff in a 
dam or pond allowing the suspended materials to settle out and then measure 
the volume of collected materials. This approach utilizes conversion 
standards of 65 to 90 pounds per cubic foot of collected material depend­
ing upon the composition of the sediment collected. The greater the 
organic matter content the less the weight per unit volume; this also 
corresponds to the range of 1,420 to 1,960 tons per acre foot of sediment 
[123]. Other conversion units used are 150 tons per acre inch for gross 
erosion [97] and 1.35 tons per cubic yard of material deposited [45]. 
Research reported in Jackson turbidity units were not included because 
there is no generally accepted method of converting turbidity data to 
particle matter IOBS 1791. 
The approach taken on the small watersheds of measuring the 
accumulated particles has the drawback of including both the suspended 
sediment and bedload components of the total sediment contribution. How­
ever, in small forested watersheds the bedload component of total sediment 
is quite small except in the Wisconsin driftless area and the Idaho 
Batholith. The bedload component Is normally derived from the channel. 
The assumption then is that the channel contribution in small watersheds 
is negligible. 
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Regional Delineation and 
Equation Development 
The initial objective is to develop a "universal" equation for 
explaining the rate of sediment production for undisturbed forest land 
areas. Regression analysis based on the data set constructed in Table 1 
is used as an estimation technique. Repeated attempts resulted in the 
conclusion that a universal equation for the forest sector is not possible 
with the available set of independent variables currently being measured 
in the field. The forest environment is too heterogeneous when viewed 
across the United States to enable a single equation to be developed. 
Alternative regional delineations are established with various 
geographic breakdowns that have a more homogeneous nature. Regression 
models are then tested with alternative specifications and functional 
forms for each possible regional breakdown. The resultant regional 
boundaries selected are spatially displayed in Figure 1. Equation per­
formance based on the amount of variability explained and the overall 
goodness of fit is used to select the regional delineations. 
Regional delineation and equation estimation are simultaneously 
determined. Breaking the data down by geographic regions and then per­
forming the regression analysis to determine which regional selection 
performed the best also yields the desired equations. The equations have 
suspended sediment as the dependent variable based upon the usage of this 
subset of the gross erosion as the most reliable indicator of the quality 
of water. Equations with suspended sediment per acre per year regressed 
on the various site characteristics monitored is used as the estlmatlonal 
Figure 1. Generail regions for equation determination 
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procedure. The general proposition for selecting the operating equation 
for each region is that the simpler the equation the greater the proba­
bility of otn-the-ground usage. The general proposition was reinforced 
by the criteria of a high coefficient of determination, significant t-
tests for included independent variables, a significant F-test indicat­
ing goodness of fit for the overall equation, and finally, the variables 
ease of use in field measurement. 
Typically, the general theory of economics may be used to indicate 
the appropriate functional form of the regression equation estimation, 
for example, the elasticity of response for the variables differs depend­
ing on the functional form used. Past performance in other studies of 
an economic nature indicate which functional forms perfomed better as 
well as which variables should be included in the analysis and their 
respective signs. However, this work approaches that of an interdis­
ciplinary nature in that it encompasses economics, forestry, hydrology, 
and agronomy. Therefore, the correct functional form must be determined 
as well as the significant variables to use in explaining the variability 
of the dependent variable suspended sediment. The following functional 
forms are examined for each region: 
1) ss = b. + b.x, + b-x- ... b X + yw, 
1 11 ZZ n n / 
2) In ss » b- + b.x. + b_x_ ... b x + 
u  J L i  i  L  n n '  
3) ss = b. + b_ Inx, + b Inx + /«. 
1 1 1 n X / 
4) In ss = brt + b, Inx, — b Inx + M. 
yi X. X n n ' 
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The dependent variable Is the suspended sediment rate (ss) in tons 
per acre per year (TAY) OR its natural log (In ss). The independent 
variables through are the site characteristics of the forest land 
area, the b^ are the estimated regression coefficients and^ is the error 
term intrinsic to all regression models.^ An ideal sequence for estima­
tion is to develop the equations with one subset of the date and then use 
another subset to plug into the proposed equations to test the predictive 
powers of the equations. Unfortunately, data for the forest sector are 
so scarce that all relevant information is incorporated into the initial 
equation formulation. 
Equation Interpretation and Application 
The estimated equations and individual statistics for the regions 
are displayed in Table 2. The site characteristics that are significant 
in at least one geographic region are drainage area (DA) in acres, annual 
runoff (RO) in inches, mean elevation (EL) in feet, mean slope (SL) in 
percent, annual rainfall (RF) In inches. and the three dummy variablen 
(Xj^, Xg, Xj). The dummy variables are for the parent material of the 
site as categorized by the Environmental Protection Agency (EPA) into low 
hazard (X^), moderate hazard (X^), and high hazard (X^). 
It is apparent from the signs of the Individual coefficients in the 
regional equations (Table 2), that the independent site characteristics 
^The specification of the parameters in the regression models was 
conducted utilizing the assumptions of the "classical normal linear re­
gression model" in the framework of multiple regression as outlined on 
page 348 of Kmenta [56].. Problems of multicolllnearity was not apparent 
among variables in this analysis. 
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Table 2. Selected equations and statistics by region 
North East 
SS = 5.759x10"^ - 3.69x10"\o - 2xlO~^EL + 3.4xlO~^SL 
t-values (49.2) (-32.3) (-30.09) (106.94) 
MSE = .000001 R2 .99 
Central East 
SS = 5.796x10"^ - 1.13xlO"^RF + 7.9xl0"^SL 
t-values (3.56) (-3.46) (4.48) 
MSE - .009152 R2 = .762 
South East 
LSS = .5.0367 - 5xl0'^DA + 2.719xlO"^RO - 2.87xlO"^EL 
t-values (9.52) (-4.30) (4.98) (4.38) 
MSE = 1.444237 R2 = .82 
North Central 
SS » 5.01389x10"^ + 1.245xlO"^RF + 1.099xlO"^RO + 6.811xlO"^SL 
t-values (4.02) (3.00) (2.07) (3.18) 
MSE - .004929 = .92 
South Central 
SS = - 1.0759x10"! + 2xlO"^DA + 1.25xlO"^RF + 9.10"^EL - 4.74xl0"^SL 
t-values (-3.02) (2.95) (2.14) (3.87) (-3.34) 
MSE = .000071 R2 = .94 
North West 
SS = -3.25x10"^ -6.16x10"^Xi +9.74xl0"^X2 -9xl0"^R0 +2xl0"^EL +5.1xl0~^RF 
t-values (-.535) (-3.03) (4.49) (-1.13) (2.11) (.725) 
MSE = .001927 R2 « .708 
South West 
SS - 1.4583 - 2.137xl0"^RF + 9.243iclO~^RO - 1.7xlO"*2L 
t-values (2.23) (-.153) (5.42) (-3.36) 
MSE " .180353 R2 - .84 
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do not have a homogeneous effect across regions. Due to these differences, 
the attempt to develop a universal suspended sediment equation for the 
forest environment was abandoned. 
Analysis of the signs across the regions becomes difficult when it 
is observed that the sign of rainfall is positive as is suspected and 
then suddenly switches to have a negative effect in another region. A 
possible explanation for this change is that there are ranges in the vari­
ables themselves. It has been observed that erosion reaches a maximum 
when the annual rainfall is between 10 and 15 inches, below 10 inches 
there is not enough rainfall to move large amounts of sediment and above 
15 inches the additional vegetation at the soil surface acts as a buffer­
ing agent and reduces erosion and resultant suspended sediment. 
In the Southwest, for example, it is hypothesized that much of the 
area is in the maximum erosion range and, therefore, additional rainfall 
has a stabilizing influence which corresponds to the negative sign of the 
variable. Increased runoff in the area does contribute positively to 
the rate of suspended sediment as anticipated a priori. The negative 
sign on the runoff may also be due to luxuriant vegetation. What little 
suspended sediment that is produced from undisturbed forests is diluted 
and instream samplers indicate lower rates. The intensity of rainfall 
could be less in the Northeast or Northwest areas implying reduced de­
tachment and, therefore, less suspended sediment. 
The equations developed may then be used to estimate the instream 
suspended sediment contribution, which as mentioned is an important water 
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quality Index. The undisturbed rate of suspended sediment may then 
serve as the benchmark of the particular forest watershed from which 
deviations resulting from an activity or treatment can be compared to. 
Dominant Sediment Rates 
The data presented In Table 1 along with additional general sources 
such as river basin reports [44,76,108] ,general books [63,93], and 
Environmental Protection Agency publications[126,127] are used to develop 
a representative suspended sediment rate for undisturbed forest lands. 
The primary data reported in Table 1 are used as representative of the 
area and are averaged into the dominant rate of the area. In those pro­
ducing areas (PA's) which do not have primary data reported but do have 
forest land, general estimates from the river basin reports, books, or 
other broad encompassing results for undisturbed forest areas are con­
solidated to function as the dominant rate of the area. This spatial 
orientation allows the manager to compare his site-specific benchmark 
rates developed from the regrennion equations to the average figure for 
his general area. 
The estimated dominant suspended sediment rate per acre, the total 
number of forested acres, and the contribution of each producing area to 
the national suspended sediment loads are presented in Table 3. Figures 
2 and 3 spatially display the total forested land and the estimated domi­
nant undisturbed suspended sediment rate, respectively, for the 105 pro­
ducing areas. The total suspended sediment component that is in the 
public's waterways may be determined for each of the 18 major river basins 
Table 3. Aoinual sediment generated naturally from forest lands 
Prodluclng Suspended Total Total Producing Suspended Total Total 
Area Sediment Forest Suspended Area Sediment Forest Suspended 
T/A/Y Land Sediment T/A/Y Land Sediment 
(000 acre:;) (000 tons) (000 acres) (000 tons) 
1 .09 16,811 1,513 27 .003 1,120 3 
2 .135 3,149 425 28 .013 1,904 25 
3 .105 2,066 217 29 .223 5,446 1214 
4 .183 1,932 354 30 .09 6,670 600 
5 .01 6,252 63 31 .122 10,102 1232 
6 .195 3,248 633 32 .24 2,961 711 
7 .03 6,250 188 33 .19 6,112 1161 
8 .244 709 173 34 .054 8,024 433 
9 .04 4,527 181 35 .05 3,322 166 
10 .08 10,428 834 36 .083 5,971 496 
11 .08 9,211 737 37 .21 10,370 2178 
12 .32 5,304 1,697 38 .03 5,632 169 
13 .118 14,713 1,736 39 .01 7,637 76 
14 .07 16,488 1,154 40 .22 7,913 1741 
15 .015 15,905 239 41 .025 2,117 53 
16 .061 9,796 598 42 .014 1,741 24 
17 .06 2,981 179 43 .057 3,789 216 
18 .2 12,061 2,412 44 .052 4,525 235 
19 .242 14,132 3,420 45 .03 17,470 524 
20 3.3 10,254 33,838 46 .025 6,348 159 
21 .09 8,815 793 47 .001 6,292 6 
22 .03 14,291 429 48 .017 230 4 
23 .01 5,947 59 49 .002 2,081 4 
24 .006 339 2 50 .024 741 18 
25 .002 6,508 13 51 .046 4,576 210 
26 .05 4,111 206 52 .013 2,525 33 
53 .01 205 2 
54 .03 4,587 138 
55 .03 838 25 
56 .03 77 2 
57 .017 524 9 
58 .026 156 4 
59 .062 387 24 
60 .07 5,193 364 
61 .087 7,763 675 
62 .01 3,117 31 
63 .01 481 5 
64 .015 8,302 125 
65 .018 2,682 48 
66 .018 1,728 31 
67 .018 0 0 
68 .021 1,282 27 
69 .033 9,146 302 
70 .05 6,686 334 
71 .023 5,188 119 
72 .018 109 2 
73 .019 3,060 58 
74 .043 0 0 
75 .02 3,550 71 
76 .03 2,545 76 
77 .051 1,958 100 
78 .145 10,212 1,480 
79 .063 514 32 
80 .011 1,420 16 
81 .025 239 6 
82 .02 7,981 160 
83 .001 9,114 9 
84 .08 6,932 555 
85 .01 6,040 60 
86 .02 6,415 128 
87 .01 11,412 114 
88 .02 3,567 71 
89 .014 3,702 52 
90 .15 6,291 944 
91 .01 1,050 10 
92 .01 16,267 163 
93 .01 15,636 156 
94 .06 9,107 546 
95 .002 11,712 23 
96 .07 20,367 1,426 
97 .04 7,628 305 
98 .07 2,328 163 
99 2.3 12,490 28,727 
100 .53 12,261 6,498 
101 .015 8,177 123 
102 .77 1,773 1,365 
103 .015 3,528 53 
104 .017 4,880 83 
105 .015 1,762 26 
Total — 614216 109650 
Average .17 tons per acre per year 
o 
Below 4,000 
4,000 to 8,000 
8,000 to 12,000 
12,000 to 16,000 
16,000 and above 
Figure 2. Total forest land acreages by producing area in thousand acres 
Figure 3. Natural forest suspended! sediment rates of producing areas in Tons/Acre/Year 
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shown in Figure 4. This consists of a simple summation of the sediment 
loads generated in each producing area that lies within the concurrent 
boundary of the river basin as shown in Figure 5. This basin accounting 
mechanism may be used when policy alternatives such as upper limits to 
the total suspended sediment loads are logically applied to whole river 
basins. 
Figure 2 spatially locates the areas where the forests of the 
United States are currently grown, it shows concentration of forest land 
in the general regions of the Southeast, Central East, Northwest, and 
Great Lakes regions. When the forest land area is simultaneously viewed 
with its natural suspended sediment rates for the same area it is apparent 
that the Northwest and Southeast are regions which contribute heavily 
to the suspended sediment loads in their respective areas. The inherently 
high suspended sediment production of the states is related to the 
steeper slopes, parent soil materials, and high rainfall rates or runoff 
of the regions as indicated in Table 1. This overall susceptibility to 
erosion and resultant suspended sediment does not include the mass erosion 
component that occurs naturally and is documented as a major source of 
sediment in the Pacific Northwest [41,102]. 
Research is needed on the impacts of harvest practices, particularly 
in these inherently unstable portions of the areas in order to cope with 
the much higher suspended sediment production rates that occur as a re­
sult of site disturbance from management activities such as harvesting 
or timber stand Improvement. Locating the Pacific Northwest and Southeast 
CCILUMB I  A-
NORTM PACIFIC 
SOURIS-RED 
RAINY 
UPPER 
MISSOURI 
GREAT BASIN 
UPPER 
COLORADO 
LOWER 
COLORADO ARKANSAS-WHITE-REO 
RIO 
GRANDE 
TEXAS-GULF 
Figure 4» River basins with county boundaries 
w 
Figoire 5. River basins with enclosed producing areas 
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as particular problem areas accentuates the need for quick development 
of relevant BMP*s for the area, rapid implementation of the practices, 
and strict enforcement. These three steps are all needed if the sus­
pended sediment production is to be reduced back toward the undisturbed 
rates. 
The establishment of the benchmark is the initial step in directing 
attention to the problem areas and concentrating on those entities and 
activities that accelerate suspended sediment production. The next step 
is conducting an inventory of land uses to enable estimation of actual 
sediment generation. 
Comparative advantage of the production rates among PA's is given 
in Table 3. As environmental considerations continue to increase in 
importance, the residual production of suspended sediment will occupy a 
larger portion of the decision process for management options» 
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CHAPTER IV. FIRE AND ITS INFLUENCE 
ON SUSPENDED SEDIMENT 
The natural suspended sediment contribution from the forest sector 
has typically been measured by selecting an undisturbed forest site, 
isolating the site from any unnatural activities, and then measuring the 
rate of suspended sediment contribution. The results from this control 
plot are then utilized as a basis or static position for measuring de­
viations resulting from various types of impacts. 
This initial orientation is highly misleading in its basic 
interpretation of what constitutes a natural or undisturbed forest site. 
The undisturbed site is not isolated from all outside Impacts; the proper 
isolation is from man's activity which is only a subset of the total 
range of Influences that might disturb the site characteristics of the 
area. The accelerated sediment production resulting from naturally 
occurring phenomena such as wildfires and mass erosion events must be 
Included in the designated undisturbed rate. The inclusion is necessary 
in order to have an accurate accounting of the site's total natural sus­
pended sediment contribution to the nation's public waterways. 
The purpose of this chapter is to Isolate that component of suspended 
sediment that has its origin from burned land areas and to determine the 
magnitude of fire's impact upon the physical environment. The U.S. 
Forest Service Fires Statistics [122J are used as the basic source of 
data for the spatial location of burned acreages and also for the 
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distinction between man-caused fires and those occurring naturally. 
Table 4 depicts the acres of forest and rangeland burned naturally and 
man-caused for the conterminous United States. The results are displayed 
for the year 1976 as well as the acres burned during the actual year 
that the states' forest and range resources were surveyed. The years 
listed in the year of Inventory are the same as utilized in the overall 
land base. 
The literature indicates that only severe fires cause drastically 
accelerated sediment production [54,131]. It is assumed that the natural 
wildfires have the inherent tendency to be of this extreme nature if by 
no other reason than the literal translation of the term wildfire. In 
addition, prescribed burns are usually conducted under carefully con­
trolled moisture and fuel conditions to minimize the danger of the fire 
burning cut of control. Wildfire, on the other hand, is usually initiated 
when the forests are hot and dry during the summer and fall season; these 
conditions are optimal for a fire severe enough to destroy the stabiliz­
ing influence of the forest cover type. 
The orientation used is that those fires that reach catastrophic 
size and intensity are a small subset of the total and do not warrant 
special consideration of their Impacts upon the environment. The impact 
of a fire will, therefore, be considered homogeneous as to the degree of 
severity, size of the burned area, and timing of the next climatic event. 
Our objective is to estimate a general relationship between the amount 
of suspended sediment occurring naturally and the amount that occurs 
during the first year after the fire. 
Table 4. Forest and range area and acreage burned for conterminous United States 
Current year (1976) 
Forest and Forest and Forest Forest 
range urea range area Forest area area area 
Forest and burned burned Year of (year of burned burned 
States range area naturally man-caused inventory inventory) naturally man-caused 
(000 acres) (acres) (acres) (000 acres) (acres) (acres) 
Alabiama 25,723 692: 151,950 1972 21,355 652 69,081 
Ariziona 64,651 20,444 15,636 1971 18,584 24,318 10,309 
Arkaiosas 23.375 648 87,751 1969 18,283 810 105,691 
California 72,893 7,003 211,116 1970 41,913 6,727 296,748 
Colorado 33.551 7,126. 2,746 1970 22,533 266 6,181 
Connecticut 2,390 01 3,031 1972 1,859 0 1,231 
Delaware 557 01 325 1972 392 0 55 
Florida 28,316 10,849 143,914 1970 17,938 48,275 500,739 
Georgia 28,589 939 59,777 1972 25,261 1,389 27,373 
Idaho 45,829 15,601 167,361 1970 21,608 11,360 14,244 
Illinois 8,709 0 6,651 1962 3,874 0 5,345 
Indiima 7,517 0 7,112 1967 3,966 0 10,575 
Iowa 7,616 0 32,770 1974 1,569 0 195 
Kansas 19,952 29,766 192,260 1965 1,344 34 36,883 
Keiatucky 17,603 81 124,650 1963 11,865 0 31,186 
Louiitiana 21,790 128 87,616 1974 14,569 579 36,086 
Maine 17,863 115 6,265 1971 17,749 91 692 
MaryHand 3,719 0 3,599 1964 2,965 16 1,048 
Massachusetts 3,638 1 9,714 1972 2,953 7 2,684 
Michigan 23,042 74,285 8,400 1966 19,384 42 2,791 
Minnesota 26,937 4,251 152,700 1962 19,048 185 60,338 
Mississippi 21,287 155 113,796 1967 16,915 4 68,607 
Missouri 25,339 266 99,574 1972 12,926 581 55,770 
Montfina 85,741 5,356 6,051 1970 15,132 7,374 4,479 
Table 4. (continued) 
Current year (1976) 
Forest and Forest and Forest Forest 
range area range area Forest area area area 
Forest and burned burned Year of (year of burned burned 
States range area naturally man-caused inventory inventory) naturally man-caused 
(000 acres) (acres) (acres) (000 acres) (acres) (acres) 
Nebriiska 27,914 5,251 19,146 1970 1,326 604 5,705 
Nevada 67,544 7,632 4,568 1970 7,941 188 1,003 
New Hampshire 5,315 5 325 1973 4,985 0 405 
New Jersey 2,780 251 13,869 1972 1,930 0 1,426 
New Mexico 69,987 5,268 29,849 1970 18,462 1,447 6,137 
New York 20,767 7 21,339 1968 17,172 42 15,509 
North Carolina 22,876 6,895 83,120 1974 20,029 198 31,219 
North Dakota 4,461 351 8,229 1970 780 23 741 
Ohio 10,609 0 2,287 1968 6,401 11 7,325 
Oklalioma 28,416 916 292,020 1966 9,135 53 394,119 
Oregon 55,791 828 8,981 1973 29,980 73,766 10,796 
Pennsylvania 20,085 22 14,918 1965 17,075 338 4,952 
Rhode Island 512 0 1,405 1972 405 0 566 
South Carolina 14,062 94 84,004 1968 12,498 430 111,536 
South Dakota 40,024 2,464 17,495 1974 1,699 1,396 2,677 
Tennessee 13,534 160 64,191 1971 13,142 1,583 38,764 
Texas 26,630 36,837 2,202,200 1965 23,669 406 97,490 
Utah 48,718 18,094 51,392 1970 15,288 212 2,380 
Vermont 4,900 0 1,134 1968 4,323 1 713 
Virginia 20,517 549 14,867 1966 16,303 94 141,314 
Washington 26,768 133 37,855 1973 22,892 301 13,317 
West Virginia 13,794 2,043 86,324 1961 11,472 176 41,081 
Wisconsin 20,800 96 30,015 1968 14,951 42 16,699 
Wyoming 59,839 10,279 11,535 1970 8,374 1,006 3,310 
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Fires Total Effect 
Wildfire has a greater potential for destroying the stability of a 
forest environment than any other major influence [ 3]. This high poten­
tial for disruption is due to the dual levels of Impact from forest 
fires. Not only are there adverse impacts upon the vegetation horizons 
comprising the suprasurface, but there are also disruptive impacts upon 
the surface litter and duff layers of the soil mantle. The subsurface 
profile can also be adversely effected by the presence of a fire event. 
The cause and effect relationship from a fire event is a very complex 
interaction of the vegetation, soil, and climatic influences on a site. 
There are several attributes that, when altered by a fire event, con­
tribute to the acceleration of suspended sediment from a forested land 
area. The major changes are presented, discussed, and the direction of 
their impact indicated. Each impact will not be included as a separate 
entity. The orientation will be toward the overall impact of the fire 
on the suspended sediment generated from the land area; the overall 
impact will be a total accounting of the individual Impacts and their 
Interactions. 
Vegetation disturbances 
At a macro perspective the surface and subsurface influences of a 
fire event can perpetuate certain subcllmax species compositions. Species 
requiring mineral soils for revegetatlon would be promoted by the natural 
occurrence of fires. 
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At a more micro level burning can drastically decrease the proportion 
of ground surface protected by plants, litter, and logging residues. 
The protective influence can easily be reduced to less than 50 percent 
of prefire conditions [78]. This would certainly be a positive contribu­
tion to the sediment production potential. The loss of vegetation In­
creases the detachment of soil particulates by raindrop splash [124]. 
On the other hand, heat from a ground fire can dry and kill the lower 
foliage of the forest canopy, which upon falling, can provide a protec­
tive litter surface reducing the impact of rainfall. Another impact from 
vegetation removal is that the évapotranspiration rate from the site is 
reduced [55]. This increases the water supply available for runoff 
and increases the probability of a mass erosion event. The total summa­
tion of impacts would tend toward the positive implying an acceleration 
of suspended sediment rates. 
Surface disturbance 
One of fire's most evident Impacts at the soil surface is on the 
organic matter of the soil mantle. Organic matter is an important cement­
ing agent. Its removal by fire may adversely affect the structural 
stability of the burned areas due to alteration of the surface soil 
aggregates [34,78], 
The infiltration rate at the surface may be greatly reduced and the 
surface runoff increased by the formation of a nonwèttàblè layer in the 
soil mantle. This along with a reduction in soil moisture storage 
capacity can have a positive impact upon surface runoff and increased 
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soil movement potential. Dyrness f3A] adds to this movement potential 
increase by noting that the soil surface after fire is of an extremely 
loose nature which could be largely responsible for the increased erosion 
and resultant suspended sedimentation rates. 
Kranmes [57] has also observed that erosion Increases after fire 
in the Southwest even during the dry season because of a process called 
"dry ravel." Dry ravel is where the soil moves downslope from gravita­
tional force. It is a slow form of debris slide resulting from a com­
bination of all the above effects of fires: reduced infiltration rates, 
reduced soil moisture storage capacity, loose nature of surface, and 
the reduction of organic matter causing a loss of structural stability. 
The summation of these physical transformations is certainly heavily 
slanted toward accelerated suspended sediment rates. 
Timing of Impact 
The detrimental impact on the Inherent stability of a forest 
environment by a major influence such as fire can be an impact of extended 
duration. However, the impairment of the watershed protection conditions 
by a fire event and their resultant acceleration of suspended sediment 
rates seldom persist for more than a few years la areas of moist climates 
[1171. 
There seems to be a general concensus running through the available 
li£êratu?ê that thê âccêlsrâtêd sèdisènt rstës seldom persist fer greater 
than four to five years before returning to the natural rate [27,62]. 
Although during major flood years, fires 13-60 years old can still affect 
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sediment production rates. As time passes, vegetatlonal regrowth and 
seasoning of the exposed surface tend to reduce surface erosion. Thus, 
we can expect a time trend in suspended sediment rather than an even 
rate as an average might suggest. Megahan [68] determined that 86 per­
cent of the accelerated contribution occurred during the first year 
after fire and this increased to 93 percent after two years. Data of 
this nature place emphasis on the initial impacts of fire. The initial 
impact orientation is perpetuated in the literature as displayed in 
Table 5 where the typical report of fire's impact is only the first year 
after the event's occurrence. 
Relationship Development 
Regression techniques are utilized to determine the accelerated 
rate of sediment production resulting from the effects of a fire event. 
The approach taken is to emphasize the first year impact as stressed by 
Megahan [68]. The first year suspended sediment contribution after 
ffya 4 a «a r> va -f a va 1 
forest site before the presence of the fire event. The data used for the 
regression are presented in Table 5. Regression of the total contribution 
occurring during the five to six following years was also attempted; 
alternative functional forms were tested; and regional breakdown explored. 
Analysis of the results indicate that a universal equation regressing 
the first year suspended sediment contribution on the natural rate for 
the area is the most plausible method based on statistical performance. 
The natural rate of suspended sediment has the site characteristics of 
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Table 5. Accelerated suspended sediment rates after fire occurrence 
Years After Occurrence 
Author Region Natural Rate 1st 2nd 3rd 
Copley [24] C.E. .002 3.08 
McGinnis [119] S.E. .025 .33 
Ursic [131] S.E. .15 .59 
Daniel [ 2 6 ]  S.C. .01 .11 
Ferguson [119] S.C. .10 .21 
Pope [ 1 1 9 ]  S.C. .05 .36 
Barnard [1191 s .w.  .08 95.66 
Rice & Osborn [87] s .w.  2.3 60.32 
Striffler [991 s .w.  .03 37.5 
Rich [85] s .w.  .01 29.08 
Hendrick 
Johnston ^ [1] s .w.  .08 98.5 
Rowe [34] s .w.  0 4 
USDA [118] s .w.  .026 19.64 
Brown & 
Krygier [18] s .w.  0.178 .890 
Krairanes [57] s .w.  .056 .729 
Corbett & 
Rice '^51 s .w.  .056 .28 
Rich & 
Gottfried I8ôj  s .w.  .0045 .61 
Willis & 
Anderson [3 ]  s .w.  1.48 7.40 
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Table 5. (Continued) 
Years After Occurrence 
Author Region Natural Rate 1st 2nd 3rd 
USDA [110] 
Kratnmes [57 J 
S.W. 
S.W. 
Packer & ^ ^ 
Williams ' 
Anderson [8] N.W. 
Mersereau [T2'\ N.W. 
N.W. 
Fredrlksen [41] N.W. 
DeByle & Packerf271 ^ .W. 
ASCE [31 N.W. 
ASCE [3] N.W. 
N.W. 
2.55 
2.55 
.26 
.34 
.233 
.07 
.0001 
.013 
.0015 
.28 
.36 
.03 
.005 
8.43 
26.78 
4.31 
3.12 
1.317 
3.04 
.10 
.871 
.028 
1.39 
2.55 
.18 
.117 
1.73 
2.12 
1.53 
1.04 
.094 .01 
.364 
.084 .0075 
1.695 
.825 
Mersereau & 
Dyrness '^21 N.W. 
Brown & 
Krygier ri8l 
Fredrlksen [411  
Fredrlksen & 
N.W. 
N.W. 
Fredrlksen [41] N.W^ 
[281 
.07 
.232 
.258 
.019 
.023 
.023 
.Q2n 
1.469 
1.93 
1.62 
.27 
.132 
1.18 
1 _n6 
.47 
1.16 
.41 
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the area inherently incorporated. The model performance is based upon 
the criteria of the coefficient of determination, t-test of variable 
significance, and the F-test of the overall equation goodness of fit. 
The universal fire equation developed and relevant statistics are as 
follows: 
FST - .64 + 3.53NR P-ratio - 107 
- (.002) 0^ - (.0001) - .79 
where: 
FST " the first year suspended sediment levels after fire measured 
in tons per acre per year (T/A/Y); 
NR " the undisturbed suspended sediment rate before the fire 
measured in tons per acre per year; and 
«2 " the alpha levels of significance for each variable's t-test. 
It is readily apparent that the regression coefficient for the natural 
rate is significantly positive indicating that the first year impact is 
at least 3.5 tiroes greater than the natural rate for the area. This is 
consistent with the a priori expectations. 
It is evident that the prefire and postfire conditions are often in 
sharp contrast and it is difficult to isolate an individual factor as a 
major source of variability. The orientation here was to focus attention 
on the overall impact and to document that the presence of fire is a 
ssajer influence pa ths total SUSpsûdsd sêdlsens gSTie?at~û. This is qsiits 
evident in Table 6 where the spatial location of fire in acres is related 
tc fires impact tc the annual ccntrlbuCiôn of fire £ô chê nation*• suspended 
sediment problem. 
Table 6. Fire sector contribution to suspended sediment 
Producing Fire Acres Fire Producing Fire Acres Fire 
Area Rate Burned Suspended Area Rate Burned Suspended 
T/A/Y Sediment T/A/Y Sediment 
1 .95770 6042 5786 27 .65059 3114 2026 
2 1.11655 484 540 28 .68589 1807 1239 
3 1.01065 6869 6942 29 1.42719 6769 9661 
4 1.28599 3897 5012 30 .95770 18768 17974 
5 .67530 4161 2810 31 1.07066 51009 54613 
6 1.32835 2375 3155 32 1.48720 1219 1813 
7 .74590 7407 5525 33 1.31070 36978 48467 
8 1.50132 3359 5043 34 .83062 73740 61250 
9 .78120 14181 11078 35 .81650 5907 4823 
10 .92240 9782 9023 36 .93299 44777 41776 
11 .92240 9082 8377 37 1.38130 42316 58451 
12 1.76960 15811 27979 38 .74590 33506 24992 
13 1.05654 52953 55947 39 .67530 57084 38549 
14 .88710 98200 87113 40 1.41660 19473 27585 
15 .69295 49980 34634 41 .72825 28554 20794 
16 .85533 72685 62170 42 .68942 6332 4365 
17 .85180 25719 21907 43 .84121 21865 18393 
18 1.34600 58538 78792 44 .82356 26561 21875 
19 1.49426 95117 142130 45 .74590 101726 75877 
20 12.28900 72559 89 1678 46 .72825 38460 28008 
21 .95770 59170 56667 47 .64353 53313 34309 
22 .74590 79582 59360 48 .70001 173 121 
23 .67530 17219 11628 49 .64706 1569 1015 
24 .66118 634 419 50 .72472 . 559. :405 
25 .64706 27415 17740 51 .80238 9231 _740? 
26 .81650 17536 14318 52 .68589 22810 15645 
Table 6. (Gopclnued) 
Producing Fire Acres Fire Producing Fire Acres Fire 
Area Rate Burned Suspended Area Rate Burned Suspended 
T/A/Y Stsdiment T/A/Y Sediment 
53 .67530 2820 1904 81 .72825 22613 16468 
54 .74590 6052 4514 82 .71060 19000 13501 
55 .74590 15418 11500 83 .64353 5890 3790 
56 .74590 1417 1057 84 .92240 21081 19445 
57 .70001 20874 14612 85 .67530 11696 7898 
58 .73178 16191 11848 86 .71060 14214 10100 
59 .85886 46195 39675 87 .67530 22032 14878 
60 .88710 79893 70 873 88 .71060 17287 12284 
61 .94711 47614 45096 89 .68942 16826 11600 
62 .67530 1366 )22 90 .16950 9665 1638 
63 , .67530 25748 17388 91 .67530 1613 1089 
64 .69295 165552 114719 92 .67530 47522 32092 
65 .70354 5787 4071 93 .67530 16888 11404 
66 .70354 40280 2&)39 94 .85180 63471 54065 
67 .70354 0 0 95 .64706 83932 54309 
68 .71413 51132 36515 96 .88710 13353 11845 
69 .75649 307144 232:)51 97 .78120 12658 9888 
70 .81650 556931 454734 98 .88710 762 676 
71 .72U9 490857 354001 99 8.75900 50573 442969 
72 .70354 7902 51>59 100 2.51090 63807 160213 
73 .70707 289518 204709 101 .69295 42554 29488 
74 .79179 0 0 102 .35810 9227 3304 
75 .71060 335879 238076 103 .69295 18360 12723 
76 .74590 240792 179(X)7 104 .70001 25396 17777 
77 .82003 858 m 105 .69295 9170 6354 
78 1.15185 19424 22374 
79-
.86239 48632 41940 Total 5,346,528 
80 
.67883 2701 1W34 
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Table 6 depicts the producing areas where the fire events are 
located, based upon the U.S. Forest Service statistics [122], The acres 
burned in the area, the results from the estimated regression equation 
for the contribution to the suspended sediment from fire, and the total 
suspended sediment contribution from the disruptive Influence of a fire 
event are displayed in Table 6. It is very interesting to note that over 
five million tons of suspended sediment are generated from this influence 
alone. This figure is still an underestimate because it does not take 
into account the additional, although much smaller, marginal contribu­
tions that will occur in years 2 through infinity. Only the first years 
major influence of the fire event are estimated here. 
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CHAPTER V. MASS EROSION AND ITS 
SUSPENDED SEDIMENT CONTRIBUTION 
The mass erosion component of total erosion occupies a position of 
particular importance in areas where the topography is steep and the 
parent soil material is acid igneous in nature [125]. These character­
istics are particularly prevalent in the Northwest. Fredriksen states 
that greater than half of the materials entering the stream originate 
from mass erosion events in this area [40]. 
Mass erosion, in general, involves a simultaneous movement of large 
quantities of soil and water often initiated by a rain event which acts 
as a lubricant for the gravitational forces. Mass erosion is a broad 
term given to this overall category of soil movement. There are several 
alternative forms of mass erosion such as dry ravel [ 4], soil creep 
[101,4] and soil slip [25], landslide [5], debris flow [103], and debris 
movement [40.103]. For the modeling purposes, all information obtained 
about these alternative forms is aggregated into the macro category of 
mass erosion. 
Regression analyses are conducted to determine the cause of 
variation for the volume of suspended sediment resulting from a mass ero^ 
sion event. Aggregation is necessary because of the deficiency of re-
ccruêû intormatioR about specific sass events «ad the difficulty of 
accurately monitoring the erosion and resultant suspended sediment. The 
random spatial orientation and temporal unpredictability of a mass event 
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almost requires that the site be previously monitored for another purpose 
before quantitative measurements of actual occurrence and magnitudes be­
come available. The only other manner in which the magnitude of impact 
can be estimated is after the fact when an estimate of the volume of 
material displaced is taken from the area. This, of course, is a gross 
erosion estimation on-site and does not reflect the magnitude entering 
the stream. 
Mass erosion is a particularly interesting phenomena in that the 
events occur naturally as well as being subject to acceleration by any 
activity that is disruptive to the fragile equilibrium of stress forces 
operating at the site. It is interesting to note that although the fre­
quency of occurrence increases with activity, the magnitude of the event 
and severity of impact are frequently larger for those events that occur 
naturally [43,116]. 
Table 7 displays the number of events, the rate of disturbance per 
unit area, and the gross volume of earth moved for a typical location in 
the Northwest. It also differentiates among the alternative land uses 
ranging from low intensity natural forest up to severe Intensity road con­
struction disturbance. 
Table 7. Frequency and extent of occurrence of mass erosion events ^  
Land Use Number of 
Eventa 
Number/Square 
Mile Tons Tons/Event 
Natural forest 32 3.0 40,972 1,280 
Harvest areas 36 12.0 37,004 1,028 
Road sites 71 122.0 75,079 1,057 
^Source: Swanson and Dyrness [100]. 
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It must be emphasized that inclusion of the mass erosion sector does 
not constitute a double accounting of sediment. All erosion measurements 
are excluded from the natural rate of suspended sediment as well as the 
accelerated rates resulting from a fire or intensified management. If 
a mass event occurred in conjunction with any of the activities it was 
considered as a separate entity; for this reason, failure to account for 
mass erosion means the natural rates and accelerated rates will be under­
statements of the actual natural rates where mass erosion events are 
prevalent. To have an accurate accounting of the undisturbed or geologic 
sediment rate, the additional contribution from mass events occurring 
naturally must be included. The proportion accelerated by activity must 
also be isolated. 
Development of Sediment Contribution 
The construction of a mass erosion activity in a model is contigent 
upon the desired means of handling the component internally. Building 
s separate ssctor requires informâtion on the apatlal locacion of an 
activity and also the magnitude of the Impact. The forest sector was 
previously incorporated by Wade and Heady f134]in an exogenous manner to 
the agricultural model. The number of forest acres times the contribution 
per acre was used as the forest contribution for each producing area. 
In terms of the separate forest model developed in this study, the 
mass erosion component that occurs naturally is also incorporated into the 
model structure in an exogenous manner. The exogenous location of mass 
erosion events is bounded into the final solution in the suseepsible 
63 
areas of occurrence. The producing areas proportion in these landslide 
areas is the basis for the weighing scheme. The weight times the number 
of acres in the PA's yields the total acreage in each area that is sus­
ceptible to natural occurring mass erosion events. The number of events 
that occur naturally on a forest site are depicted in Table 8. 
Table 8. Mass erosion events occurring naturally and after harvest 
Producing Author Natural Rate Harvest Rate 
Area of Occurrence of Occurrence 
(Events per square miles) 
92 USDA-ARS [112] .4 220 
93 Swanson & Dyrness [100] 3.9 134 
95 USDA-ARS [112] .4 220 
96 Amer. Forest Instlt. [1] .6 203 
97 Swanston & Swanson [105] 5.4 68 
Here it is evident that a range exists from .4 to 5.4 events per 
square mile naturally occurring on undisturbed forest land areas. A 
major assumption was then needed to bridge the gap between the number of 
events per acre and the possible number of acres susceptible to mass ero­
sion. The end result of this product is the number of events for each 
producing area which is not the necessary units for linking with the con­
tribution per acre of a mass erosion site. The heroic assumption made 
was that each mass erosion event occupied one acre of land; this was not 
too unrealistic when the site of the occurrence and the path of the 
materials were considered. In effect; tt is assumed that on the average, 
across all possible forms of mass erosion, the area of disturbance is one 
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acre. This assumption in conjunction with susceptible land area and 
events pér area allowed the derivation of a single figure for the acres 
of mass erosion occurring in each PA. The acres of occurrence for the 
relevant PA's are presented in Table 9. 
Table 9. Land areas in exogenous mass erosion activity by producing 
areas 
Producing Area Acres 
10 6.518 
12 1,658 
30 4,169 
31 6,314 
61 4.852 
77 1,224 
78 2,127 
99 7,806 
102 1,108 
103 2,205 
104 1,017 
Mass Erosion Equation Development 
Once the spatial location is established, the magnitude of 
contribution per acre becomes the primary problem at hand. The process 
of selecting the independent variables is less complicated than the natural 
rate equation development because of the limited number of alternatives. 
The natural rate for the area is hypothesized to be the major explanatory 
argument because the variable has all the site characteristics inherently 
incorporated. When.equations are estimated with suspended aedimegit from 
mass erosion sites regressed upon the natural rates the results are quite 
poor. Further estimation with alternative data traaefogmations proves to 
be of no avail. 
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A réévaluation of the available data sources provides another 
possible approach to the necessary equation development. It is observed 
that.several activities or occurrences are present during the mass ero­
sion measurement. These occurrences were classified into six additional 
binary variables: undisturbed forest conditions, rain on snow event during 
measurement period, roads constructed in the area, recent burning of the 
site, and harvesting activity on the site. These variables were included 
as binary variables in that if they did occur a (1) was placed in the 
matrix and a (0) if not. This implies that the effect is upon the inter­
cept, i.e., shifting up or down, and proves to be an effective means for 
accounting for a larger component of variability. 
Table 10 depicts the binary variable arrangement in addition to the 
natural rates for each published result as well as the dependent variable 
which we are trying to explain. The equation developed that performed the 
2 best under the criterion of R , students-t, and the overall F-test was 
as follows: 
In ASSR = 2,148 - .81NF + 2.29RS + .58RD - 1.45HVST + .82NR 
= (.0001) (.2589) (.0002) (.2680) (.0146) (.0001) 
R^ = .63 F-Ratio = 10.89 
where : 
In ASSR = the natural logarithm of the accelerated suspended sediment 
rate after a mass erosion event; 
NF = undisturbed natural forest conditions present; 
RS = a rain on snow occurrence; 
Table 10. Binary variable approach to regression equation estimation for mass erosion sites 
Publication 
number 
Accelerated 
Rata 
Natural 
Forest 
Rain on 
Snow Roads Bums 
Natural 
Harvest Rate 
Anderson [7] 
Anderson & [10] 
Company 
Anderson & 
Company 
ASCE [4]| 
Brown [16] 
Fredrlksen 
Fredrlksen 
Kldd & Megahan [52] 
Kldd & Megahan [52] 
Kldd 6 Megahan [32] 
Kldd 6 Mtigahan [52] 
Kraones [57] 
Kramoes [57] 
Krames [57] 
[10] 
[41] 
[41] 
Kr 
Kr, 
Kr 
Kri 
tes 
es 
es 
:S 
Krames 
Kraanes 6 Bums 
57] 
57 
57 
57 
57 
Kegahan fi 
Swanson 6 
Dymesa 
Svanson 6 
Ifymesfi 
Swanson 6 
Ifymesti 
Swanson 6 
Dymesti 
Kldd 
[581 
[70] 
[100] 
[100] 
[100] 
[100] 
s.8.<t/a/y) 
12. ii 
3.JI0 
.U 
15.08 
S6.5Î5 
3.%4 
.73 
6.74 
29.08 
.]L5 
.42 
10.%0 
28. <15 
24.19 
24.47 
4.114 
3./'8 
2.17 
4.08 
l.H 
22.0 
.311 
.W7 
9.30 
.07 
1 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
1 
0 
0 
1 
0 
0 
1 
1 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
1 
0 
1 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
0 
0 
1 
0 
1 
0 
1 
1 
1 
0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
0 
0 
0 
0 
0 
0 
1 
0 
0 
1 
1 
1 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
1 
8.s.(t/a/y) 
.115 
2.51 
.20 
1.16 
.115 
.325 
.36 
.016 
.040 
.030 
.005 
2.70 
1.65 
2.88 
2.69 
.26 
.26 
.55 
.26 
.414 
.040 
.115 
.115 
.115 
.31 
Table 10. (Continued) 
Publication 
number 
Accelerated 
Rate 
Natural 
Forest 
Rain on 
Snow Roads Burns Harvest 
Natural 
Rate 
[100] 
[100] 
James 
James 
Swanson & 
Dymess 
Swanson & 
Dymess 
Swanson & 
Swanson & 
Swanston & 
SSwanson 
Swanston & 
Swanson 
Swfinston & 
Stwanson 
Swzmston & 
Siwanson 
USDA IfllO] 
USDA [118] 
USDA [115] 
USDA [115] 
(101] 
[101] 
[105] 
[105] 
[105] 
[105] 
s.s,(t/a/y) 
9.30 
2.51 
.27 
.85 
11.34 
.11 
14.92 
.07 
23.0 
6.36 
12.90 
29.08 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
1 
1 
0 
0 
1 
1 
1 
1 
1 
1 
1 
0 
1 
0 
1 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
1 
0 
1 
0 
0 
1 
0 
s.s.(t/a/y) 
.31 
.10 
.016 
.016 
.068 
.043 
.043 
.005 
.115 
.012 
.026 
.026 
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RD - a road constructed In the mass event area; 
HVST " harvest activity at the mass erosion site; and 
NR - natural undisturbed rate of suspended sediment for the 
area. 
There are some very interesting inferences to be made from these 
results; the most significant binary variable was the rain on snow event. 
The implications of this degree of significance is that the initiation 
of any silvicultural activity should not be undertaken when the probability 
of a rain on snow event occurring is high. This is certainly consistent 
with the environmentalists* viewpoint of prohibiting access to the forest 
during the spring runoff season. The only surprise in terms of the sign 
is the negative of the harvest variable. This, however, is consistent 
with experimentation results in some areas that specify that it is not 
the actual felling of trees that causes the accelerated sediment rates, 
but rather the disturbance associated with site access. 
îîSwSXiliS CîTlënbâbiOn 
The approach taken in handling the mass erosion component is that 
the naturally occurring component in each producing area should be handled 
completely exogenously. The area of occurrence and the contribution per 
acre generated from the estimated equation Is produced regardless of 
man's management options. From a modeling viewpoint, this orientation 
was accomplished by a lower bound of acres (Table 9) for each producing 
area where mass erosion is known to be active. 
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Â more Interesting aspect of mass erosion is developed from the 
relationship between the methods of harvesting, the amount of roads re­
quired for each harvest method, the surface disturbance of the roads, 
and finally, the sediment resulting primarily from the roads of each har­
vest method. By relating the harvest method to the amount of required 
roads and, therefore, to the resulting sedimentation, the mass erosion 
component enters endogenously to the final solution via the selection of 
the harvest method. Table 7 displays the number of mass erosion events 
that occur per square mile in natural forest conditions as well as events 
after logging for those PA's that have an endogenous modeling orientation. 
The events per square mile column is an aggregate figure and does not 
adequately reflect the disturbance characteristics of the individual har­
vest method. Tractor harvesting utilizes more road access and, therefore, 
constitutes greater surface disturbance and results in a higher propensity 
for mass erosion events than does any of the other harvest methods. 
A breakdown in the aggregate category of logging mass erosion is 
depicted in Table 11 for those producing areas where mass erosion is a 
major contributor to the overall suspended sediment. The portion of the 
area in conjunction with the contribution per acre for the mass event is 
then an endogenously controllable component of the interactive model. 
When a harvest method is entered into the solution, it contributes 
not only to suspended sediment from the surface source but also contrib­
utes suspended sediment from a mass erosion source. This orientation 
allows the model to select the appropriate harvest method and have greater 
Internal control over both sources of suspended sediment generated. 
Table 11. Proportion of the harvested area that also experiences a mass erosion activity by 
producing area 
Harvest Rate (events per acre) 
PA Natural Rate Tractor Hlghlead Skyline Balloon Helicopter 
(events per acre) 
92 6.25 X 10-4 1.15 X 10-1 9.60 X 10-2 5.66 X 10-2 5.20 X 10-2 2.40 X 10-2 
93 6.09 X 10-3 7.01 10-2 5.95 X 10-2 3.45 X 10-2 3.17 X 10-2 1.46 X 10-2 
95 6.25 X 10-4 1.15 ic 10-1 9.60 X 10-2 5.66 X 10-2 5.20 X 10-2 2.40 X 10-2 
96 9.38 X 10-4 1.06 10-^ 8.86 X 10-2 5.22 X 10-2 4.80 X 10-2 2.22 X 10-2 
97 8.44 X 10-3 3.56 10-2 2.97 X 10-2 1.75 X 10-2 1.61 X 10-2 7.42 X 10-3 
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This approach increases internal control and fills the need for a more 
representative accounting of the total sediment loads generated from 
alternative harvest methods. This is particularly valuable in PA's where 
mass erosion is a relevant decision variable in the determination of the 
optimal harvest scenario. 
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CHAPTER VI. THE TIMBER HARVEST SECTOR 
AND ENVIRONMENTAL IMPACTS 
The demand for wood and forest products is at a record high. Each 
year some 250 million tons of wood are harvested in the United States 
[15]. Fortunately, society is beginning to view the forests as a limited 
resource. It is realized that the future output of forest products de­
pends on increased utilization of available wood fiber, efficiency of 
harvest operations, and prompt reforestation. Society must also be 
aware of the accelerating effects that harvesting has on the natural ero­
sion and suspended sediment processes. When a tree is cut down and re­
moved, the soil around it is disturbed for most conventional harvest 
methods. This disturbance is correlated with, or at least is a link with, 
the accelerated rate of suspended sediment production which may occur 
after deforestation. 
The overall objective of this chapter is to summarize the effects 
that harvesting has on the undisturbed suspended sediment rates for U.S. 
forest land. A secondary objective includes developing the relationships 
between the alternative harvest methods and the degree of site disturbance. 
It is the working hypothesis of this chapter that induced technological 
developments such as skyline, helicopter, and balloon logging create less 
Bi£e dis£u?bâacê £hss £hs âôSs csavsnEisasl ss£hôQS ôf hâSvêscing siich 
as tractor and high lead logging. The third goal of this chapter is to 
develop the câusë/êrrêci: relationship bêcwëên che sice dxscurbâncè caused 
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by the varying harvest methods and their respective degrees of 
accelerated suspended sediment rates. 
Logging operations cause surface disturbance ranging from removal 
of the protective organic litter to complete removal of topsoil. Amounts 
of erosion and stream sedimentation following logging may vary directly 
with the degree of disturbance caused by timber removal [37]. When tim­
ber is removed from marginally stable slopes, a temporary acceleration 
of erosion activity is likely. 
Cutting of trees does not by itself significantly increase surface 
soil erosion [13,80]. However, on steep slopes, there is some evidence 
that it may adversely effect soil stability through changes in soil hy­
drology and mechanical support provided by vegetation [106]. Compaction 
and destruction of soil structure may result, with a reduction of infil­
tration and increase in surface runoff. Climate at the surface level 
and below may be changed substantially by the removal of vegetation 
cover [66]. 
Oregon studies have shown that a logged watershed yields an 80 percent 
greater sediment discharge than an uncut watershed [110]. In Colorado, 
sediment yields from logged watersheds were relatively high during years 
immediately following harvest treatment [60]. However, under some con­
ditions logging may have no measurable effect on erosion rates. Clear-
cutting an oak-hickory forest in the Rose Lake watershed in northern 
Michigan resulted in no reduction in infiltration rates, consequently, 
surface runoff and erosion did not increase [115]. In Colorado, sediment 
production remained less than .1 ton per acre per year following careful 
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harvesting. However. In most cases, logging does have a significant 
accelerating effect on the undisturbed suspended sediment rate of forest 
land. 
Descriptions of Alternative Harvest Methods 
Tractor 
Tractor skidding is done with either four-wheeled tractors or 
crawler tractors. A winch Is used to snake logs to the tractor before 
skidding them to the yarding area. Two Improvements are often used to 
minimize scarification of the site: a skid pan and a high-wheeled arch 
yarder. 
Tractor skidding Is the most common method used In the Northeast 
and South, and on lands with less than 30 percent slope in the Inter-
mountaln. Northwestern and California regions. Even on level to rolling 
land, however, tractors can expose more bare soil than other methods of 
log transport [126J. 
High lead 
The high lead log transport system is adapted especially for 
clearcuttlng. A metal tower about 75 feet high is mounted on a mobile 
frame. Guy lines hold the tower in place, and a winch and set of cables 
at the tower drag the logs along the ground to a yarding area, where they 
are loaded into a truck. The iîisturbahce potential is generally less 
than for tractor skidding, although when logs are repeatedly yarded over 
a high spot on the ground, deep profile cuts into the soil say occur 11261. 
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Skyline 
This method employs a cable to carry the full weight of the logs as 
they are transported. Aerial cables are attached to the towers which are 
constructed at opposite ends of the logging sites» and logs are mechan­
ically lifted off the ground and moved along the cable to the landing 
area. The landing area is usually near the base of one of the towers. 
Logs may be moved to the top or to the bottom of a drainage slope in order 
to yard logs near a permanent road. 
Since a large volume of timber is required to justify this type of 
setup, the method is used principally on clearcut logging operations. 
There is less potential for pollution from this method because fewer 
temporary logging roads are usually required. Logs are also lifted off 
the ground, thereby avoiding cuts on the forest floor. Soil disturbance 
is then confined to yarding and loading areas [1261. 
Balloon 
This method employs a large balloon usually filled with helium and 
capable of static lifts of 5-10 tons. A cable system similar to high lead 
is used to control the horizontal movement of the balloon over the log­
ging site. A snubbing line may be required to winch the unloaded balloon 
close to the ground. The static and dynamic lifting forces hold the logs 
off the ground during yarding. Balloon logging is adapted to steep slopes 
(45 to 90 percent) where clearcuttlng is undertaken on unstable soils. 
Balloon logging causes soil disturbance and erosion only at the landing 
areas where the logs are loaded into trucks [1261. 
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Helicopter 
Using a helicopter, logs are lifted from the ground at the point of 
felling and transported to the loading area f1261. Logging by helicopter 
requires fewer access roads and, therefore, probably results In minimized 
sediment pollution of streams. Helicopter logging Is the most versatile 
system of moving logs from where they are cut to a yarding area for truck 
loading and hauling [1271. 
Differences in Soil Disturbance 
Among Harvest Methods 
The less the compactlve and disturbing contact with the forest floor, 
the less will be the watershed damage resulting from skidding and yarding. 
Contact with the forest floor is progressively reduced from ground skid­
ding to high lead to skyline and balloon logging systems [93!, Table 12 
relates harvest methods to soil disturbance. As shown, the order of soil 
disturbance from most to least is tractor, high lead, skyline, balloon, 
and helicopter. Figure 6 displays a graphic representation of the infor­
mation assembled in Table 12. 
Garrison and Rummel related damage from tractor skidding to slope 
over a range of 0 to 60 percent and found two to eight times as much 
damage on slopes exceeding 40 percent as on lesser slopes. Almost all 
Increased disturbance associated with tractor as opposed to high lead was 
in the foras of compactlam on thslr aonltO&êd watershed in ?hs S» J= 
Andrews Experimental Forest [371. Woolridge, in comparing tractor and 
skyline logging In Washing ton, BBtlssatss that BkyllnS legging csqulc'ss 
only 10 percent of the road area necessary for tractor yarding. 
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Table 12. Management activities and their relation to forest soil 
disturbance 
% Soil Undisturbed 
Author Means of Harvest Disturbance Rate T/A/Y 
Campbell et al. [21] Tractor 30.0 .17 
Dyrness [371 Tractor 26.0 .04 
Dyrness [37] 
Dyrness [37] Tractor 29.4 .04 
Dyrness [371  Tractor 20.9 .04 
Dyrness [37] Tractor 28.0 .04 
Dyrness [37] Highlead 15.2 .04 
Dyrness [37] Skyline 11.1 .04 
Dyrness [36] Highlead 15.8 .07 
Dyrness [36] Skyline 6.4 .07 
Dyrness [36] Highlead 14.8 .07 
Dyrness [36] Skyline 12.1 .07 
Dyrness [35] Highlead 14.1 .07 
Dyrness [35] Skyline 12.1 .07 
Dyrness [35] Balloon 6.0 .07 
Haupt & Kidd [47] Tractor 7.9 .001 
Klock [54] Tractor 36.2 .01 
Klock [54] Highlead 32.0 .01 
Klock [54] Skyline 2.8 .01 
Klock [54] Helicopter .7 .01 
Packer [77] Tractor 62.0 .02 
Packer [77] Highlead 41.0 .02 
Packer [77] Tractor 26.0 .17 
Patrie & Goiman [80] Skyline 7.4 .02 
Saccerlund [93] Ttact-Ot 21.0 . 07 
Satterlund [ 9 3 ]  Highlead 15.0 .07 
Satterlund [ 9 3 ]  Tractor 22.0 .17 
Satterlund [ 9 3 ]  Skyline 5.0 .17 
Swanston 
^ [104] Tractor 35.1 .04 
Dyrness 
Swanston 
^ [104] Highlead 14.8 .04 
Dyrness 
Swanston 
^ [104] Skyline 12.1 .04 
Dyrness 
Swanston 
Dyrness ^ [104] 
Balloon 6.0 .04 
US EPA [126] Tractor 29.4 .01 
US EPA [126] Tractor 26.1 .01 
US EPA [126] Tractor 15.5 .04 
US EPA [126] Highlead 20.9 .04 
US EPA [126] Highlead 14.1 .07 
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Table 12. (continued) 
ZSoil Undisturbed 
Author Means of Harvest Disturbance Rate T/A/Y 
US EPA [126] Highlead 12.1 .07 
US EPA [126] Skyline 12.1 .07 
US EPA [126] Skyline 11.1 .01 
US EPA [126] Skyline 6.4 .07 
US EPA [126] Balloon 6.0 .07 
Skyline logging is advocated not only for its effect in decreasing soil 
disturbance due to road construction, but also because of Its potential 
for minimizing soil disturbance during yarding. Skyline logging results 
in substantially reduced soil disturbance compared with those resulting 
from conventional high lead operations [36] . 
Generally, Burke states some advantages of skyline logging over 
tractor and high lead: 
1. Reduces amount of timber access roads. 
2. . Reduces depth of cut and fill. 
3. Eliminates steep, unnatural cut and fill slopes. 
4. Eliminates steep road grades. 
5. Reduces excavation and embankment. 
6. Eliminates sidecasting of excavated materials on slopes. 
7. Reduces amount of right-of-way clearing required for roads and 
landings [20] . 
% Soil Disturbance 
Harvest 
* * # * 
Tractor Highlead Skyline Balloon Helicopter 
Method 
Figure 6. Soil disturbance from different harvest methods 
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The advantages of balloon logging Include the ability to fly logs 
clear of slopes, minimize breakage, reach up to 5,000 feet, yield a better 
stumpage return than other aerial methods, and provide a safe working 
environment [82]. Balloon logging Is well-adapted to steep slopes (45 
to 90 percent), where clearcuttlng Is enqployed [126]. 
Because of the potential for minimizing suspended sediment, logging 
by helicopter is the apparent answer to the dreams of concerned environ­
mentalists. Logging by helicopter is feasible from the engineers* judg­
ment for any topography and for any forest type. Logging by helicopter 
requires fewer access roads and is the most versatile system of moving 
logs from where they are cut to a yarding area for truck loading and haul­
ing. It is suggested by Blnkley that helicopter logging probably should 
be used at present on the most Inaccessible areas with the most rugged 
terrain and high timber value and where aesthetics has high priority [127]. 
Different Harvest Methods Have Different 
Effects of Suspended Sediment 
Table 13 displays the harvesting effects on suspended sediment using 
data for different harvesting methods. This information is compiled into 
the U.S. aggregate in Table 14. It is apparent that tractor logging 
causes the greatest accelerated suspended sediment impact on forest land. 
In general, there seems to be a significant difference between the tractor 
and cable (high lead and skyline) methods which may be credited to the 
reduced soil contact Involved in cable systems. A comparison between the 
two cable systems as reported by Megahan and Kldd usé érosion nlo^a and 
sediment dams to evaluate the effects of high lead and skyline logging 
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Table 13. Management activities and their impact upon natural suspended 
sediment yields 
First Year Natural P.A. 
Author Means of Harvest Sediment Loss T/A/Y Rate 
ASCE [3] Helicopter 0 
ASCE [3] Tractor .78 .06 
Aubertin & [13] Tractor .22 .018 
Patrie 
Brown [17] Highlead .42 .01 
Brown [17] Highlead .43 .01 
Brown [17] Skyline .02 .01 
Brown [17] Highlead .04 .004 
Brown & [18] Highlead .39 .01 
Krygier 
Brown & [18] Tractor .57 .01 
Krygier 
DeByle & [27] Tractor .01 .0015 
Packer 
Dunford [32] Tractor .75 .02 
Fredriksen [41] Skyline .35 .03 
Fredriksen [41] Skyline .05 .012 
Fredriksen [41] Highlead .37 .012 
Haupt & Kidd [47] Highlead .04 .001 
Haupt & Kidd[47] Highlead .01 .001 
Haupt & Kidd [47] Highlead .01 .001 
Haupt & Kidd [47] Highlead .03 .001 
Kidd & [52] Highlead .57 .01 
Megahan 
Kidd & [52] Skyline .01 .001 
Megahan 
Kidd & [52] 
Megahan Skyline .03 .001 
Krammes & [5.3] Tractor 1.02 .07 
Burns 
Leaf [60] Tractor .10 .01 
Leaf [61] Tractor .08 .01 
Lull & [63] Tractor .05 .01 
Reinhart 
Megahan & [70] Highlead .52 .012 
Kidd 
Reinhart, :84] Tractor .02 .01 
Eschner & 
Trimble 
Rich & [86] Tractor .2 .001 
Gottfried 
Rogerson [88] Tractor .11 .01 
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Table 13. (Continued) 
First Year Natural P.A. 
Author Means of Harvest Sediment Loss T/A/Y Rate 
Trimble & [107] Tractor 1.35 .09 
Fridley 
Trimble & [107] Tractor 2.46 .14 
Fridley 
[115] USDA Tractor 1.35 .01 
US EPA [126] Highlead .04 .001 
Verry [133] Tractor .01 .001 
Table 14. Harvest effects on soil disturbance and sediment loss from 
clearcut forest land (U.S. aggregation) 
Means of Harvest ZSoil Disturbance 
Tractor 28.2 
Highlead 19.3 
Skyline 9.4 
Balloon 6.0 
Helicopter 0.7 
4 Year Sediment (T/A/Y) 
Year 1 Year 2 Year 3 Year 4 
2.35 .55 .05 .02 
A A m, #, 4 ^  # JO # 6*# #*6 # vy 
.38 .24 .12 .09 
HO DATA 
Natural Rate 
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systems on sedimentation of steep ephemeral drainages In the Bathollth 
of central Idaho. The results Indicate that no difference In suspended 
sediment resulted from the two systems per se. The logging operations 
alone, exludlng roads, Increase sediment production by a factor of about 
0.6 over the natural sedimentation rate. However, roads associated with 
the high lead operation Increase sediment production an average of about 
750 times over the natural rate for the six-year period following con­
struction [70]. 
Fredriksen indicates that, following clearcuttlng and high lead 
yarding in three small western Oregon watersheds, the sediment in streams 
averages more than 100 times the undisturbed condition over a period of 
one year. At the H. J. Andrews Experimental Forest, a study Indicates 
that timber harvest operations involving high lead yarding with its 
system of logging roads,! increases sediment in streams draining these 
areas by 2-150 times the undisturbed amount. Fredriksen also reported 
that on a watershed clearcut over a three-year period with a skyline 
system, sediment concentrations were only modestly affected. Mean con­
centration during storms remained below 10 ppm [41]. 
Rice, who reported data on effects of log transport and harvesting 
systems ; found that clearcuttlng by the balloon system of logging resulted 
in a very low suspended sediment load deposited in the streams. 
Clearcut Harvesting vs. Partial Cut 
In Figure 7 differences between the effects of clearcut vs. partial 
cut on sediment loss are presented from the data in Table 14. Due £o 
Suspended 
2.k> Sediment 
(T/A/Y) 
2.(  
1.2 
.8 
% Soil Disturbance 
Figure 7. Partial cut logging versus clearcut logging effects on 
sediment loss from forest land 
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the lack of good data on partial cut harvesting, no U.S. aggregate data 
Is producible. Figure 7 indicates very little difference between clear-
cut and partial cut harvesting when soil disturbance is below approximately 
20 percent. Above 20 percent, clearcut harvesting tends to cause a greater 
soil loss, which seems to indicate that if tractor harvesting is used, 
the area to be harvested should be partial cut to minimize sediment loss. 
On the other hand, it seems that if any other harvest method is used 
(high lead, skyline, balloon, or helicopter), it makes little difference 
whether it is clearcut or partial cut. 
Relating this information to Table 15, the difference between effects 
of tractor harvesting versus the other forms of timber harvest is evident. 
High lead seems to be the most compromising method, with tractor disturb­
ing more area, and skyline, balloon, and helicopter disturbing less with 
respect to soil disturbance and sediment loss. 
Although relatively little quantitative data are available on the 
magnitude of impact for either clearcuttlng or partial cuts, a great deal 
has been written on their individual merit, or lack thereof. 
The area of soil bared by harvesting on the Boise Basin Experimental 
Forest is closely related to the number and volume of trees removed. 
Group selection timber cutting caused less soil disturbance than single 
tree selection [46]. In northern Mississippi, severe disturbances were 
twice as great with clearcut than with selection [291. Contrary to the 
Boise results, at the H. J. Andrews Experimental Station in western Oregon, 
high lead logging in a patch cut watershed resulted in double the area 
of deep soil disturbance of that resulting in a clearcut watershed [41]. 
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In timber harvesting, the principal objective in controlling erosion 
is to minimize soil disturbance. The timber harvest operation may vary 
with tree species and silvicultural practices from single tree selection 
to a complete clearcut. In general, the larger the proportion of the 
forest removed in one operation, the greater the disturbance. Most silvi­
cultural methods which remove only a portion of the stand at one time 
provide better protection of soil and water [41]. 
Archie and Baumgartner have compiled the advantages and disadvantages 
of clearcutting as follows [11]: 
Advantages : 
1. Creates good growing conditions for shade-intolerant tree species. 
2. Eliminates danger of wind damage or disease infection to residual 
trees in the cutover area. 
3. Improves forage for many game animals and provides habitat for 
many animals not present before logging. 
4. Increases water yield during low-flow periods. 
5. Permits harvesting on slopes too steep for ground equipment. 
6. Minimizes road construction and increases logging efficiency. 
7. Facilitates administration in that it limits tree marketing to 
definition of boundaries. 
8. Facilitates slash disposal and site preparation. 
f. Usually aaxlmlEsS the iirâediSÈe fissscisi rstUrSs 
10. Permits the use of genetically improved tree planting stock. 
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Disadvantages : 
1. Exposes seedlings to injury from temperature extremes. 
2. Increases risk of windthrow on heat damage to trees bordering 
the cutover areas. 
3. May increase stream temperature, debris jams, and sedimentation 
and reduce habitat of some animals. 
4. Elevates water table in swampy areas. 
5. May, in some instances, reduce protection against erosion and 
landslides. 
6. Is conspicuous and unattractive during the harvest stage. 
7. Magnifies need for proper harvest boundary layout. 
8. Increases quantity of debris to eliminate at one time. 
9. Eliminates merchantable timber from the small landowner's cut-
over area for many years. 
10. Creates good growing conditions for many unwanted brush species, 
which compete with the young seedlings. 
Rothwell [91] has made this statement which seems to sum up the 
problems and differences between clearcut and partial cut harvesting: 
If clearcutting is employed, careful consideration 
should be given in the logging plan to size and distribution, 
both areal and temporal, of the cutting blocks. Generally 
speaking, increasing the size of clearcut blocs and shortening 
the cutting cycle will increase the potential for watershed 
damage" [91]• 
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Timing and Harvest Recovery Periods 
. Table 15 presents the compiled data involving the duration of 
accelerated suspended sediment resulting from timber harvest. It is 
apparent that within four years of the harvest operation, most sediment 
loss rates are back down to relatively low levels. Figure 8 shows these 
results graphically and vividly Illustrates the differences of the first 
year sediment loss between tractor harvesting and the rest of the har­
vesting methods. Even though the tractor method of harvesting causes very 
high sediment losses during the first year following harvest, by the 
fourth year the losses are approaching the undisturbed rate. 
Table 15. Road construction timing effects on sediment loss from forest 
land 
First Year 
Author Recovery Period Suspended Sediment 
(years) (T/A/Y) 
Brown & Krygier [18] 3 7.19 
5fo«m â Kcyglêf [IS] 4.S9 
Krammes & Burns [58] 3 1.33 
Krammes & Bums [58] 3 .86 
Leaf [60] 3 .1 
Leaf [61] 3 1.91 
Megahan [68] 3 34.22 
Megahan & Kidd [70] 3 85.9 
Packer [77] 2 2.7 
Packer [77] 4 19.37 
Packer [77] 4 13.91 
USDA ARS [110 3 33,62 
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Lynch conducted a watershed study in Pennsylvania where suspended 
sediment was measured throughout four years following harvest. During the 
first year, the suspended sediment loss was 6-14 times greater than the 
uncut forest. These differences became negligible during the next four 
years [126]. 
Results from sediment yield studies in mountain watersheds show that 
most of the sediment loss impact is concentrated within a few years after 
logging disturbance [62]. Haupt and Kidd report that at the Boise Basin 
Experiment Station, four watersheds which were logged by high lead were 
back to normal sediment loss rates in about three years [47]. Leaf re­
ports that four years after a tractor logging operation in the Southwest 
(Fools Creek), sediment loss rates were back down to preharvest levels 
[59]. 
The rapid return to preharvest suspended sediment levels is usually 
associated with annual litter fall, soil freezing and thawing, and vege­
tation regrowth [120]. Natural regeneration to reestablish productive 
stands of preferred species is best obtained when the forest practice 
is carefully planned and set up to provide favorable conditions for 
natural seeding, sprouting, and growth of the desired species. The method 
of harvest is an important factor in establishing the required conditions 
[127]. 
Logging Road Effects on the 
Forest Environment 
Raads prêSênt problems châc often ârë not solved by normal management» 
for their construction removes the all important forest litter. The 
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resulting soil compaction and loss of protective and absorbent litter 
prevent rain from infiltrating into the soil mantle as rapidly as it falls. 
This causes water to collect on the road surface and run over the exposed 
subsurface soils of the roadbed, cut, and fill areas. 
Access is always necessary before forest resources can be used, and 
this requires roads. Logging roads, once constructed, may become a per­
manent part of the forest landscape. Although many logging roads are 
considered temporary when built, there is a good chance that they will 
be used to provide future access even though they may be too steep and 
poorly located to provide efficient access or to protect against serious 
erosion damage[52,135]. Evidence attributes increased erosion and sedimen­
tation to logging roads and skid trails during harvesting and a limited 
period thereafter. The severity of this impact depends upon the location, 
drainage, and maintenance of logging roads and skid trails [119] as well 
as the amount of road construction. Side slope roads requiring large 
cut and fills are emerging as a serious offender to water quality. The 
quality of the management in terms of planning and supervision is assumed 
constant across harvest methods, which concentrates emphasis on the amount 
of road construction disturbance. 
Table 15 shows the severity of sediment loss attributed to road 
construction on some areas of U.S. forest lands. As shown, the severity 
is wide ranged; from .1 to 85.0 tons per acre per year of suspended sedi­
ment are attributed to road construction. Roads in western Oregon pro­
duced three times the natural sediment loss rate in one study while in 
southern California, roads yielded six to ten times more sediment [llO]. 
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Effects of roads built In 1967 were monitored for four years In northern 
California. Sediment yields the first year were more than four times the 
preconstructlon level. The next year, while still above preconstructlon 
levels, sediment yields were not excessive [58]. 
Different harvest methods require varying amounts of road construction. 
Balloon and helicopter logging require minimal road construction. Sky­
line logging requires only one-third as much road construction as high 
lead logging which in turn requires far less than tractor logging [23]. 
Considering the extreme effects that road construction may have on the 
suspended sediment rates, the criterion of road construction requirements 
should be considered during the selection process for the appropriate 
harvest method. 
In this study, we suppose that the secondary roads constructed for 
site access and timber product removals are an integral component of the 
harvest process. This orientation results In large differences In the 
alternative harvest methods in two distinct areas. The erosion and re­
sultant suspended sediment rates are significantly affected by the amount 
of road construction, which, of course, varies tremendously across the 
alternative methods. In addition, the cost of each harvest method is 
drastically effected when the road construction costs are Internalized 
into the total harvest operation costs. 
It Sây be tbât SakSb Shs SSSll logging FOSdS SSy SlSO bS USSd 
as fire breaks, insect control, timber stand improvement access, and for 
recreation purposes, the total cost of che conscruccion should not be 
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internalized into the harvest operation alone. As previously stated, 
the secondary roads and the dragging roads that cause a large portion of 
the disturbance are considered temporary but are often used for these 
alternative purposes. The temporary nature is a key in governing the 
quality of the initial construction. The roads are built for the one-
shot use, are usually blocked off after the harvest operation, no follow-
up maintenance is scheduled, and the skid roads comprising a large por­
tion of the total road disturbance are regenerated. These actions are 
designed to negate the alternate use possibilities and, therefore, negate 
the argument of cost spreading for the road construction. The internali­
zation of road construction costs and sediment production into the harvest 
methods is expected to play a large role in the following model's norma­
tive solutions. 
Equation Development for Harvest Options 
For purposes of the analysis, equations to explain the relationship 
between the alternative harvest sethcds and the accelerated suspended 
sediment rates are developed. The equations are developed from the pub­
lished literature presented in Tables 12 and 13. As in the relationship 
with fire and its impact on the rate of suspended sediment, harvest oper­
ations impacts are also the most significant the first year after imple­
mentation, see Figure 8. Mass erosion events resulting from timber 
harvest are not included here but rather are added as an additional entity 
in the mass erosion sector. 
94 
To attain the Initial objectives of developing the relationship 
that harvesting impacts have upon suspended sediment production, primary 
data reported on harvest operations in all parts of the country and for 
all alternative moethods were assembled. Data limitations prevented 
the complete assembly of such a comprehensive matrix. Regression analysis 
then was Initiated in an attempt to relate the accelerated suspended 
sediment rates (ASR) to the known natural rate of suspended sediment of 
the specific harvested area and to the percentage of soil disturbance 
for each method. Even this simplistic framework was beyond the explana­
tory capabilities of the available data. In most forest site studies, 
measurement was not made of both accelerated sediment rates and percentage 
of soil disturbance. Only one or the other measurement was taken. 
Accordingly, the first year accelerated suspended sediment rate was re­
gressed upon the natural rate of the area, which, of course, has all of 
the relevant physical site characteristics Incorporated Into it. The 
dependent variable was the accelerated sediment rate (ASR) measured in 
tons per acre per year or Its natural logarithm (LnASR) and the indepen­
dent variable was the natural sediment rate (NSR) or its natural logarithm 
(LnMSR). 
The estimated equations and relevant statistics for the skyline, 
high lead, and tractor methods are displayed in Table 16. The simple 
equations all have positive signs on the independent variable and the 
coefficients are greater than one as expected. It is readily apparent 
from the equation that the high lead method has a greater positive 
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Table 16. Selected equations and statistics by harvest method 
Skyline 
ASR » - 3.364 X IQ-Z + 1.200 x 10^ NSR 
t-values (-.78) (4.23) 
R2 - .856 
Hlghlead 
ASR = - 4.390 X 10-2 + 4.431 % 10^ NSR 
t-values (-1.18) (8.99) 
R^ » .880 
Tractor 
ASR « 3.592 X 10"^ + 1.531 x 10^ NSR 
t-values (.34) (12.46) 
r2 - .917 
Balloon* 
ASR " 2.128 X 10"! x Tractor ASR 
Helicopter* 
ASR = 2.482 x 10 ^  x Tractor ASR 
*The equations presented for balloon and helicopter logging are 
representations of simple ratios and are not the result of regression 
analysis. 
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coefficient Implying a more severe impact than skyline logging which Is 
in line with the degree of disturbance associated with each method. But 
the tractor logging methods total impact could be larger or smaller than 
either the high lead or the skyline. This is because the total Impact 
is composed of two parts; the effect of the intercept and the coefficient 
and Independent variable interaction. The tractor equation has the only 
positive intercept of the equations presented; the magnitude of its total 
impact is dependent on the size of the natural sediment rate (NSR) for 
the site. If the natural sediment rates are relatively large for the 
site then both skyline and high lead logging have the potential for pro­
ducing greater accelerated sediment rates than the tractor logging method. 
But the order of magnitude for the natural sediment is typically quite 
low for the forested environment, therefore, the equations yield the ex­
pected ordinal ranking of tractor, high lead, and skyline in decreasing 
magnitude of impact. 
Quantitative data do not exist for either the balloon or helicopter 
methods of logging. These environmental technologies are relatively new, 
empirical results on their respective disturbances and sediment impacts 
have not been published. The equations presented in Table 16 represent 
simple ratios of the accelerated sediment rate from tractor logging to 
that of balloon and helicopter logging. The ratio is based upon narrative 
presented in the literature relating the amount of surface disturbance 
of balloon and helicopter to that of tractor logging. 
The equations presented in Table 16 are gross simplifications of the 
complex interaction occurring during a forest harvest operation. Obviously, 
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there is room for improvement, but this improvement is not possible at 
a national level at the present time. The data recorded in the field for 
the alternative harvest operations will have to be significantly upgraded 
in quality, quantity, and homogeneity of reporting units. The equations 
presented represent the first attempt at approximating such a relation­
ship for the continental United States. 
There are several other factors which may play a large role in the 
proposed relationship of harvest to disturbance and eventual accelerated 
sediment rates. In the future the magnitude of disturbance occurring 
during harvest operations may be reduced for all harvest alternatives. 
This type of across-the-board reduction in disturbance is possible as the 
old growth timber is liquidated and the rotations become shorter. On the 
other hand, the selection of the proper harvest method is becoming more 
critical as logging operations move into steeper, more unstable mountain 
slopes [76]. The rates presented here will be low because only the first 
year impact is included, there are many factors which may influence but 
cannot be contended with at this time. 
The degree of potential erosion and resultant sediment which may be 
generated by each proposed logging operation must be estimated- Loss of 
soil nutrients from a soil profile where the major nutrient supply is 
very close to the surface as in the forest, could have a major influence 
in reducing future Eimber production [541. The results reported here 
attempt to estimate the relationship of this designated problem area. 
It should be clear that attention focused on control of instream suspended 
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sediment will contribute to the solution of many water quality problems 
in wlldland management [93], as well as to the decreased site productivity 
problem. . Although not absolute in numerical magnitude, relatively speak­
ing, the coefficients generated allow static comparison of the competi­
tive advantage across harvest methods and across the conterminous United 
States. The comparisons are in terms of where to harvest and by what method 
in order to meet national demands and, concurrently, stay within environ­
mental standards of suspended sediment production. 
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CHAPTER VII. THE BASIC MODEL FRAMEWORK 
The capabilities of large-scale interregional competitive programming 
models are well-suited to the varied array of alternatives that are 
typically associated with modern agriculture. The production decisions 
by individual farmers, when aggregated, represent the supply component. 
This, when related to domestic and foreign consumer demand, interacts to 
yield market prices which, in turn, influence the individual decision 
makers and the cycle continues. Decisions made in one segment of the 
country may be traced through and be found to influence the long-run 
decisions made in another sector. The complex interactions of commodi­
ties production, transport, demand, costs, input requirements, and residuals 
production across the entire nation lend itself wall to the development 
of a large linear programming model. 
The model used in this study has evolved from 25 years of research 
under the direction of Dr. Earl 0. Heady. The intrastrueture of the basic 
agriculture sector has been well-documented by Nicol [73]. Wade and Heady 
[134]added erosion and sediment capacity to the agriculture sector. These 
research efforts provide the model structure background and function as 
a kick-off point in developing the forest sector. 
Model Framework 
The simultaneity of production and environmental goals for the 
agriculture sector of the conterminous United States was the intent of 
100 
the work completed by Wade and Heady [134]. Here, water quality entered 
as a management parameter for agriculture policy decisions at a national 
level. It became readily apparent that although agriculture is the 
largest per acre nonpolnt source of residuals, the sector constitutes 
less than 15 percent of the total land area. Therefore, in many river 
basins, there is not enough adjustment capacity in agriculture to signifi­
cantly influence the environmental variables under consideration. 
The approach taken in this study is basically twofold: first, to 
develop a forest subsystem capable of existing as a separate entity incor­
porating the components of silviculture; and second, to orient the forest 
sector in a manner to allow interaction with the agricultural sector. 
The overall objective is one of construction of forest activities that 
compete with agriculture for available resources. The forest environment 
is also known as a nonpoint source of residuals and occupies over 600 mil­
lion acres of land in the continental United States. This structure allows 
the trade-offs between agriculture and forestry to be analyzed. Both 
compete for the available land area, produce commodities demanded as either 
intermediate or final products, and generate suspended sediment. The 
relationship of the two sectors trade-off in concurrently satisfying 
national production demands and meeting environmental constraints is con­
sidered critical in determining policy orientation for nonpoint pollution 
sources and commodity production. 
Description of model core 
The core elements of the linear programming model used are briefly 
described in the following section. Emphasis is placed on the separate 
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forest sector, although the major areas are briefly described as. they 
pertain to the assumed Interaction. The forest sector Is defined to fit 
Into the general model framework outlined by the following simplified 
matrix equations: 
105 m n 105 m 
(1) Minimize Z ' Y, H X + S S t T 
1=1 j-1 k-1 1=1 j-1 ^ 
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"li + 53 C., X 1=1 
1 = 1 to 105 producing areas, 
j = 1 to m land quality classes, 
k = 1 to n acres of production activity, 
i = acres of forest harvest activity. 
Subject to: 
(2) Ax 1 b 
(3) Bx » d 
(4) Sx - Tx^ £ 0 
(5) X > 0 
(6) r^ > X^ 2 0 
where; 
Z = total production and transport cost of agriculture and production 
costs of forest products; 
X = commodity and sediment production vector; 
C - production cost vector; 
A • resource requirements matrix; 
b " resource availability vector; 
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B = commodity output matrix; 
S = suspended sediment matrix; 
= sediment transport vector; 
= transport ratio matrix; 
tj^j = transport cost matrix; and 
r^ = restraint vector on transported sediment. 
Equation (1) represents the objective of minimizing the total cost 
of production of agriculture and forest commodities. Relation (2) con­
verts the resources available matrix into the commodities demanded which 
is presented in equation (3). Relation (4) accounts for sediment generated 
and transports it via the river basin system. Equation (5) Is the basic 
nonnegatlve requirement for production in general. Relation (6) is the 
mechanism whereby environmental restraints may be imposed at the desired 
level of Impact for the suspended sediment transported in the public water­
ways . 
Spatial orientation 
The development of an interregional competitive model requires a 
logical basis for regional delineation. This modeling effort requires 
the criteria of hydrologie consistency with the surface water network. 
The regions selected should aggregate to provide an approximation of the 
basin boundaries of the major rivers of the United States. The lowest 
level of data credibility is the county, the 3,069 counties are aggregated 
to 105 producing areas (PA's), and they aggregate to the 18 major river 
basins as spatially displayed in Figure 4. This model orientation was 
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developed by the Center for Agricultural and Rural Development In 
conjunction with the Water Resources Council for the 1975 National 
Assessment of Water Resources. 
The producing areas comprising each river basin are shown by the 
heavy lines which are county boundary approximations for the major river 
basins drainage areas (Figure 5). Both crop production activities and 
forest activities are determined at the PA level along with their corre­
sponding input requirements, product generation, and residuals production. 
The interregional competition between PA*s for meeting national demands, 
and more specifically the suspended sediment movements among PA's, is the 
main purpose of this study; especially the shifts between the agriculture 
and forest sectors as the source of the sediment. The shift in PA's must 
be hydrologically consistent with river basin flows as is shown by the 
arrows in Figure 9. The county to PA and PA to river basins provide the 
macro perspective of the water quality relationship and allows the trade­
off between forestry and agriculture as a means of attaining environmental 
objectives. 
Sector explanation 
Wade and Heady provide specification of the crop production activities, 
land requirements, yields, production costs, livestock production possi­
bilities, exogenous crop production, commodity transportation, and water 
usage that are integral components of the national model. This study 
uses the same specifications and only macro changes are noted In reporting 
results. Therefore, detailed description of development and specification 
Figure 9. 'Water flows within river basins 
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of the former aspects of the model are not undertaken here. The sector 
that is pertinent and merits further consideration is the erosion compo­
nent of the agriculture sector. 
Erosion sector 
Erosion from cropland is of major importance in the agriculture 
model. The universal soil loss equation (USLE) developed by Wischmeier 
and Smith [136] is used to compute the sheet and rill erosion contribu­
tions in the eastern United States. The support data are provided by the 
Soil Conservation Service (SCS) [71]. Producing areas used for produc­
tion, crop management practices, tillage practices, and conservation 
practices affords great modeling flexibility in the simultaneous goals 
of production and residuals reduction. Western cropland erosion rates 
are not suitable for estimation by the USLE which is designed under the 
assumption of slopes of less than 30 percent. The erosion rates for the 
western agricultural lands are taken directly from the Soil Conservation 
Service questionnaire for the five land classes used in the agriculture 
model [71] and documented by Nlcol. 
An Interesting variation of the model structure used in this study 
is the variable of suspended sediment in the forest model. As specified 
in previous chapters, suspended sediment Is the portion of the erosion 
materials that are detached and which actually enter the public waterways. 
The suspended sediment is estimated to account for the direct instream 
problem. Additional computations of estimating the delivery rate for each 
area are not necessary. 
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Transportation sector 
Wade and Heady [134] approximate the complex hydrologie movement and 
flow of water through the stream network with a sediment transport system. 
The emphasis of the transportation system is not placed on a detailed 
stream specific hydrology, but rather on a mechanism to provide a means 
for interaction between water quality objectives at the national level. 
The streams in each PA are displayed in Figure 10 and their flow pattern 
is approximated by the arrows shown in Figure 9. The flow patterns are 
assumed to flow uniformly into downstream PA's or oceans. This directly 
corresponds to the river basin orientation of the PA*s. 
Main stream channels unencumbered by water entrapments such as locks, 
dams, or other flow-interrupting structures, transport the suspended por­
tion of their sediment loads completely through without significant 
reduction. A stream of this nature would have a transport ratio of 1. 
That is, all suspended sediment that enters the PA is transported through 
and leaves the PA. A more typical stream representation, especially for 
the main rivers, is that only a portion of the sediment that enters the 
upper boundary of the respective PA*s is actually transported through and 
out of the PA into the next downstream component. The remainder is en­
trapped by the impoundment system designed for flood control, hydrologie 
power, recreation, and irrigation. The transport ratios for each PA that 
flow into another area are presented in Table 17. 
The agriculture source of erosion contribution is reduced to that 
portion which actually enters the waterways. This is accomplished by 
development of delivery ratios which reflect the land entrapment capacity 
Figure 10. River basins with stream system 
o Vj 
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Table 17. Delivery ratios, transport ratios, and suggested rotation 
lengths by producing areas 
Forest 
Service All-Ownership 
Delivery Transport Rotation Rotation 
PA Ratio Ratio Length (years) Length (years) 
1 .016 120 80 
2 .016 120 80 
3 .041 120 80 
4 .041 120 80 
5 .041 120 80 
6 .04 120 80 
7 .025 120 80 
8 .025 1.0 120 80 
9 .012 120 80 
10 .016 120 80 
11 .01 100 67 
12 .008 120 80 
13 .006 60 40 
14 .005 60 40 
15 .004 60 40 
16 .003 60 40 
17 .003 60 40 
18 .002 80 53 
19 .016 80 53 
20 .019 80 53 
21 .012 80 53 
22 .03 120 80 
23 .03 120 80 
24 .03 120 80 
25 .03 120 80 
26 .03 120 80 
27 .03 120 80 
28 .03 120 80 
29 .03 120 80 
30 .03 120 80 
31 .064 .513 120 80 
32 .03 120 80 
33 .03 100 67 
34 .185 .735 120 80 
35 .03 120 80 
36 .01 100 67 
37 .01 iOO 67 
38 .134 .01 100 67 
39 .001 120 80 
40 .028 .70 120 80 
41 .049 .40 120 80 
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Table 17. (Continued) 
PA 
Delivery 
Ratio 
Transport 
Ratio 
Forest 
Service 
Rotation 
Length (years) 
All-Ownership 
Rotation 
Length (years) 
42 .05 .54 120 80 
43 .05 .95 120 80 
44 .043 1.0 80 53 
45 .035 1.0 60 43 
46 .258 1.0 60 40 
47 .014 120 80 
48 .079 1.0 120 80 
49 .074 120 80 
50 .161 .03 120 80 
51 .322 120 80 
52 .003 .01 120 80 
53 .007 120 80 
54 .032 120 80 
55 .032 1.0 120 80 
56 .032 1.0 120 80 
57 .112 1.0 120 80 
58 .037 120 80 
59 .037 1.0 120 80 
60 .111 1.0 120 80 
61 .074 100 67 
62 .03 120 80 
63 .024 .27 120 80 
64 .032 .23 100 67 
65 .004 120 80 
66 .022 .11 100 67 
67 .01 100 67 
68 .019 .07 100 67 
69 .053 1.0 80 53 
70 .006 80 53 
71 .112 80 53 
72 .007 100 67 
73 .018 .03 80 53 
74 .001 100 67 
75 .018 .01 100 67 
76 .008 80 53 
77 .01 120 80 
78 .001 .11 120 80 
79 .059 .19 120 80 
80 .022 120 80 
81 .001 .33 80 53 
82 .064 140 93 
83 .058 140 93 
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Table 17. (continued) 
Forest 
Service All-Ownership 
Delivery Transport Rotation Rotation 
PA Ratio Ratio Length (years) Length (years) 
84 .213 .04 120 80 
85 .077 120 80 
86 .023 .02 120 80 
87 .001 120 80 
88 .01 140 93 
89 .01 140 93 
90 .01 140 93 
91 .01 140 93 
92 .01 120 80 
93 .043 .01 120 80 
94 .01 140 93 
95 .057 .256 120 80 
96 .068 1.0 85 57 
97 .01 85 57 
98 .01 120 80 
99 .378 140 93 
100 .021 140 93 
101 .003 140 93 
102 .018 1.0 140 93 
103 .107 140 93 
104 .005 140 93 
105 .01 140 93 
Ill 
of the detached soil particulates before they enter the streams and 
rivers of the United States. The respective delivery ratios for each PA 
2 
are also shown in Table 17. 
Equations representing model structure 
The rivers and streams are modeled in a manner to provide the 
accounting mechanism and reservoir of the sediment generated from both 
the agriculture and forest sectors. The study of changes in land usage 
between the two sectors is beyond the scope of this study. The Interface 
and area of trade-off between agriculture and forest activities is demon­
strated via the river basin network. Environmental restrictions placed 
on the outflows of a river basin may then impact on all PA's upstream 
that influence the sediment load of that particular river. The Impact 
may come in the form of shifts In production activities away from one pro­
ducing area to another at a macro level. They also may occur Internally 
in each PA as land Is shifted to alternative production activities. The 
respective trade-off between the environmental restrictions associated 
chângêB In ôuBpêriuêu Sculmcuc lêVêls ànu chê general sëccôrs cutàl cOâc 
of production then becomes a source of Interest as well as the trends in 
technology as more environmentally sensitive practices are adopted. 
A general mathematical summary depleting the possible components 
of the existing relationships may facilitate the understanding of the link­
age between the physical environment of the river network and the economic 
and physical conditions associated with commodity production and Inherent 
residuals production. 
Personal coûsûunlcation with Timber Management specialist of U.S. 
Forest Service based on the maximum mean annual increment for the timber. 
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Sediment equation 
The production of sediment in both cropland and forest land is 
integrated into a single accounting mechanism. The common unit is the 
instream suspended sediment which is the estimated variable for the forest 
sector. The erosion estimation of the cropland sector must be transformed 
to the reduced quantity that actually reaches the river system. The de­
livered sediment is available for movement by the transport mechanism 
5 n 10 
f = 1 to 10 for the forestry activities, 
j = a number of land classes for agriculture, 
k. = 1 to n for the agricultural activities, and 
n = 1 to 105 for the producing areas, 
where : 
= proportion of eroded soil from cropland that reaches the 
stream system in each PA; 
= tons per acre of eroded soil from activity k on land class 
j in PA^ for cropland; 
= acres of production activity k on land class j in PA^ for 
cropland; 
TFSS^^. * total suspended sediment generated from forest land; and 
X? = tons of suspended sediment delivered from PA^. 
Sediment transport 
The sediment transported through a producing area is affected by the 
physical nature of the river network. The sediment delivered to the water 
system is assumed to behave according to the hydrologies of the stream. 
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This is true of the sediment generated in the PA and all that is being 
transported through from the above PA's in the river basin network. The 
transportation is expressed by the following relationship. 
[s < ' s • < 
m = 1 to n for the adjacent PA's sediment loads, and 
p = 1 to o for those PA sediment loads reduced by 
upstream transport ratios, 
where: 
= the suspended sediment delivered directly from the adjacent 
upstream PA and not reduced by another transport ratio; 
T 
Xp " the suspended sediment transported through an adjacent upstream 
PA but originating from a PA farther up the basin; 
« portion of suspended sediment moved from upstream boundary 
down through PA^ and entering the next lower PA; and 
T 
X^ » the amount of suspended sediment transported through PA^. 
River basin accounting mechanism 
The sediment entering the river system at any point thus has two 
possible means of entry; it can be produced directly in the PA at hand or 
it may be transported into the PA from all upstream PA's. The point of 
concern will be centered on the point of outflow from the relevant PA. 
The last ?A located at the mouth of the river functions as a collection 
box from all upstream PA's. This final PA is the collector of the total 
suspended sediment for the whole basin. The relationship is characterized 
by the following equation. 
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(9) = X? + X° 
The basin outflow of total suspended sediment, X^, is the sum of 
that delivered plus transported through all upstream PA's. 
The Forest Sector as a Separate Model 
A major objective of this study is to develop a forest model which 
may interact with the present agriculture model and still have the capacity 
to function as a separate entity. A general structure of the proposed 
forest model is presented in Figure 11. A large portion of the technical 
relationships necessary for the construction of a forest model is pre­
sented in Chapters II through VI. In previous chapters the undisturbed 
rate of suspended sediment from forest land (Figure 3) and the total acre­
age of forest land (Figure 2) were presented for each PA. The multiplica­
tion of acres times the undisturbed sediment production rate per acre and 
summation across all PA's represents an absolute minimum in terms of the 
suspended sediment contribution from forest land. Table 3 Indicates that 
the 614 million forest acres would produce approximately 110 million tons 
of suspended sediment if there were no fires, mass erosion, or sllvlcul-
tural activity. A close approximation of the actual suspended sediment 
levels generated in a positive sense and a normative perspective of what 
should be generated under alternative goals of cost minimization or sedi­
ment minimisation Is the objective of this separate laodel. 
Activities 
Restraints 
Objective Function 
Total ForesUland PAl 
Commercial Forestland PAl 
Sawt:imber Land PAl 
Timber Volume PAl 
Suspended Sediment PAl 
Total Forestland PA2 
Cornierclal Forestland PA2 
Sawt:lmber Land PA2 
Timber Volume PA2 
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Figure 11. Interactions of the general forest model 
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The land base 
The first step in building an applied model is the development of the 
resource base of the model. The present model requires that the scale of 
the reporting unit initially be as small as possible. The 3,069 counties 
are chosen as the base level for model construction. The counties base 
data may then be aggregated to states, producing areas, river basins, or 
even larger regions depending upon the desired level for reporting. The 
United States Forest Service (USPS) is responsible for surveying the land 
areas, recording volumes, species, etc., and has assembled much of the 
relevant data by counties. It is these resource bulletins from the USPS 
that are used as the background data for the forest resource base used 
in the present forest models. The resource bulletins are referenced in 
the Land Base Appendix (Table A5). 
Selection of functional categoric breakdowns of the forest base is 
essential for a good understanding of the underlying physical relation­
ship of a forest ecosystem. The breakdowns selected start with the total 
area of the county. This total area then is divided into nonforest and 
forest land area. The forest area is further divided into productive 
reserved, noncommercial, and commercial forest land. The commercial forest 
land is further broken down into four distinct subsets. The first sub­
set separates the commercial land into ownership categories of Forest 
Service, other public and private ownership, the commercial area is then 
sorted into the stand size that currently exists on the land area; saw-
timber. seedlings, saplings or poletimber (SSP), or nonstocked. The 
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third breakdown is by growth potential in cubic feet per acre per year 
and the fourth breakdown of the commercial acreage is into the species 
types of the forest currently on the land area. Table A4 in the Land 
Base Appendix displays a subset of the large land base matrix generated 
in this study; most of the aforementioned categories of forest land for 
the 67 counties that are located in Alabama are presented. 
The developed land base categories are selected for the following 
reasons. The forested areas that will receive no management activity of 
harvesting are the productive reserved lands and the noncommercial areas. 
Productive reserved areas represent institutional constraints from harvest 
activity and noncommercial areas produce less than 20 cubic feet per acre 
per year. Hence, they do not warrant management. The productive reserved 
and noncommercial lands, therefore, are assumed to produce suspended sedi­
ment at the undisturbed natural rate. 
The commercial forest land is the heart of the managed or harvested 
land areas. Most attention is concentrated on this forest type. This 
ownership breakdown is designed to allow for alternative objective functions 
based on different planning horizons. The stand size breakdown of the com­
mercial area is designed to give a static position of the current timber 
size. Under sustained yield a similar partition between sawtimber, 
SSP, and nonstocked areas is assumed to carry forward over time. 
The commercial forest land is also separated into growth categories 
to represent the dynamic aspects of the forest stand which change over 
time. The final breakdown cf commercial land is into bread categories 
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of species; the differentiation basically is into deciduous and coniferous 
species. 
Conversion coefficients 
The forest resource bulletins referenced in the Land Base Appendix 
provide a large portion of these data; however, very few of the 48 con­
tiguous states report county by county information for all the desired 
breakdowns of the land areas. The remaining states Indicated in Tables 
A2 and A3 of the Land Base Appendix require conversion coefficients for 
allocating the state forest resource base to counties. The conversion 
coefficient is derived as the ratio of the commercial forest land in the 
county to the commercial forest land in the state, when commercial data 
are not available by county. These conversion coefficients thus sum to 
unity when they are summed across the state. 
Several states report data at an area level within the state for 
many of the categories of commercial forest land. This increased detail 
is utilized nnd cciiversicn coefficients then arc developed for the sres 
specifically. The summation of coefficients across the areas of the state 
would equal the number of regions in the state and not unity. These 
conversion coefficients are listed in the Land Base Appendix in Tables 
A2 and A3. 
Forest Model Structure 
Table 18 displays the breakdown of forest land into the noncommercial 
and commercial areas for each PA in the contiguous United States. The 
Tablais. Forest land acreage by producing area in thousand acres 
Producing Noncommercial Commercial Total Producing Noncommerical Commercial Total 
Area Forest Land Forest Forest Area Forest Land Forest Forest 
Land Land Land Land 
1 847 15,964 16,811 27 28 1,092 1,120 
2 84 3,065 3,149 28 85 1,819 1,904 
3 89 1,977 2,066 29 541 4,905 5,446 
4 66 1,866 1,932 30 61 6,609 6,670 
5 288 5,964 6,252 31 80 10,022 10,102 
6 529 2,719 3,248 32 39 2,922 2,961 
7 1,628 4,622 6,250 33 134 5,978 6,112 
8 77 632 709 34 120 7,904 8,024 
9 188 4,339 4,527 35 60 3,262 3,322 
10 236 10,192 10,428 36 53 5,918 5,971 
n 256 8,955 9,211 37 702 9,668 10,370 
12 223 5,081 5,304 38 17 5,615 5,632 
13 74 14,639 14,713 39 479 7,158 7,637 
14 104 16,384 16,488 40 262 7,651 7,913 
15 372 15,533 15,905 41 96 2,021 2,117 
U  163 9,633 9,796 42 28 1,713 1,741 
1 7  1,539 1,442 2,981 43 90 3,699 3,789 
318 30 12,031 12,061 44 60 4,465 4,525 
19 29 14,103 14,132 45 27 17,443 17,470 
20 5 10,249 10,254 46 35 6,313 6,348 
21 4 8,811 8,815 47 1,033 5,259 6,292 
22 1,012 13,279 14,291 48 96 134 230 
23 156 5,791 5,947 49 758 1,323 2,081 
24 36 303 339 50 248 493 741 
25 68 6,440 6,508 51 2,741 1,835 4,576 
26 39 4,072 4,111 52 441 2,084 2,525 
Table .18. (Continued) 
Producing Noncommercial Commercial Total 
Area Forest Land Forest Forest 
Land Land 
Producing Noncommercial Commercial Total 
Area Forest Land Forest Forest 
Land Land 
53 47 158 205 81 239 0 239 
54 1,566 3,021 4,587 82 5,799 2,182 7,981 
55 304 534 838 83 5,736 3,378 9,114 
56 3 74 77 84 5,350 1,582 6,932 
57 24 500 524 85 4,774 1,266 6,040 
58 7 149 156 86 5,356 1,059 6,415 
59 14 373 387 87 8,830 2,582 11,412 
60 275 4,918 5,193 88 2,208 1,359 3,567 
61 205 7,558 7,763 89 3,002 700 3,702 
62 1,961 1,156 3,117 90 6.187 104 6,291 
63 318 163 481 91 1,029 21 1,050 
64 1,191 7,111 8,302 92 794 15,573 16,267 
65 1,891 791 2,682 93 3,827 11,809 15,636 
66 1,275 453 1,728 94 4,390 4,717 9,107 
67 0 0 0 95 4,213 7,499 11,712 
68 1,096 186 1,282 96 1,490 18,877 20,367 
69 341 8,805 9,146 97 2,457 5,171 7,628 
70 45 6,641 6,686 98 705 1,623 2,328 
71 865 4,323 5,188 99 3,299 9,191 12,490 
72 109 0 109 100 5,463 6,798 12,261 
73 2,717 343 3,060 101 6,107 2,070 8,177 
74 0 0 0 102 1,356 417 1,773 
75 3,440 110 3,550 103 3,376 152 3,528 
76 2,460 85 2,545 104 4,642 238 4,880 
77 814 1,144 1,958 105 1,424 338 1,762 
78 6,932 3,280 10,212 
79 464 50 541 Total 137,959 476,257 614,216 
80 1,086 334 1,420 
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noncommercial acreages will have an undisturbed rate of forest sediment 
production in the model as will the commercial forest land that is not 
subject to management, fire, or mass erosion event. The spatial distribu­
tion of commercial and noncommercial forest land areas are displayed in 
Figures 12 and 13 for the contiguous United States. It is apparent from 
Figure 12 that the Southwest has the highest concentration of noncommercial 
forest land. This, in addition to a relatively small amount of commercial 
acreage in the area, implies a small degree of responsiveness of suspended 
sediment rates for forestry. It is the commercial acres that are subject 
to management decisions. The Northwest and Southeast portions of the 
United States have the largest potential for impact as indicated by the 
concentration of commercial acreage in these regions. 
Forest activities and relevant assumptions 
Identifying, locating and assembling the forest resource base is the 
first major step in the formation of the model; an activity paralleling 
that for the agriculture model. Chapters III through VI present informa­
tion on the major types of forest activity that influence the suspended 
sediment production rates of undisturbed forest land. The proposed events 
that disrupt the stable forest community and are hypothesized to be major 
sediment contributors also were developed in those chapters. Events in­
clude mass erosion events, the occurrence of fire, and timber harvest by 
several methods. The forest environment is specified in its most naive 
form when we assume it is environmentally stable until disturbed by the 
aforementioned events. 
0 "  
Below 4,000 
4,000 to 8,000 
8,000 to 12,000 
I 12,0010 to 16,000 
16,000 and above 
Figure 12. Comnercial forest land acreages by producing area in thousand acres 
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Figure 13. Noncommercial forest land acreages by producing area in thousand acres 
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The simplifying assumptions made concerning stability of the forest 
ecosystem are extended to the activity possibilities as well. The assump­
tions on mass erosion events;are stated in Chapter V. The amount of 
naturally occurring mass erosion is determined exogenously for each PA 
where mass erosion is known to occur. Mass erosion acceleration is speci­
fied by adding a positive quantity to the suspended sediment coefficient 
of the forest harvest activities described in Chapter VI. Thus, the sus­
pended sediment coefficient in PÂ's where mass erosion occurs is composed 
of two parts. The first is the suspended sediment generated from surface 
sources, and the second is suspended sediment that occurs as the result 
of a mass erosion activity. This dual contribution represents the total 
range of Influence of the harvest activity contribution to the suspended 
sediment in the Northwest rivers. 
The impacts of fire are also simplified by assumptions made in Chapter 
IV as to intensity, origin, and site influence. The acres of fire are 
determined exogenously according to the acreage present in the Fire 
Statistics [122]. Exogenous determination of mass erosion and fire is 
necessary because these activities do not produce a demanded product. 
Rather, their product is like that of a negative externality and, there­
fore, escapes the market mechanism. If not exogenously determined these 
activities would enter an optimal solution at the zero level. 
Chapter VI details the harvest activities that enter the programming 
solution and are the main endogenous components of the forest model. This 
relates back to the general hypothesis underlying the forest model. 
1 2 5  
By controlling the method of harvest the suspended sediment loads in the 
public waterways may be partially subjected to management. The assumptions 
made on the technical coefficients of the harvest methods are extended by 
additional assumptions on forest rotations and implicit assumptions on 
harvest volumes from the forest site. It is assumed that the volume of 
merchantable timber products harvested from a forest site is a function 
exclusively of the site itself and not a function of the harvest method. 
Translated, it means that each method of harvesting yields the same volume 
of timber products for a given site. The cost and sediment contributions 
differ for each method and volumes vary across PA's, but the volume har­
vested from a specific forest site acre is a constant coefficient irre-
gardless of the method of harvest selected. 
Stock-Flow problem 
Forest products, unlike agriculture commodities, are not produced 
annually. The temporal disparity between annual production and the long 
term horizons of forest management is bridged by internally Incorporating 
rotations into the forest model. Cropland is harvested annually and, there­
fore, contributes sediment annually, whereas forests are harvested only 
once in a rotation length. Therefore, appropriate reductions in the land 
base must be made accordingly. The problem is really that of stocks and 
flows. Only a small portion of the forest stock is harvested annually 
based on the guldeliaes of sustained yield. Assuming that only commercial 
land areas are harvested to meet national demand, then what is the optimal 
harvest pattern to minimize production costs and maintain environmental 
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consistency? Without reductions in the stocks according to rotation 
lengths all of the forest products would be harvested in one PA if its 
stock was large enough to meet the national demand. Such an arrangement 
is institutionally unacceptable as well as physically impossible. The 
concept of reducing the available commercial acres for harvest in any one 
year according to the rotation length is comparable to the rotation struc­
ture of cropland. 
Table 18 indicates the selected PA rotation lengths recommended by 
the U.S. Forest Service Washington office's timber management specialist. 
The range is from 60 in the Southeast, Increasing westward to 140 years. 
The rotations lengths suggested by the Forest Service are based upon the 
maximum mean annual increment of growth attained by the merchantable tree. 
This rotation length is mandated by law for the public forest areas. 
The Forest Service rotation lengths are too long for private ownership 
and industry which emphasize profit maximization. Two-thirds of the public 
rotation length is selected as an adequate representation of the average 
cotation length £or all land ownerships. Expression of this rotation 
length in this model is achieved by dividing the current commercial land 
area by the rotation length to obtain the maklmum number of acres that may 
be harvested in any one year. The acres function is the right-hand side 
(rhs) for the commercial forest land resource. This rhs is the b vector 
in equation 2 of the general forest model. 
The Cost Structure of Forest Harvest 
The development of an operational forest model has thus far touched 
on the types of physical activity that take place regardless of man's 
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Influence, such as natural sediment production, part of the mass erosion 
events, and the occurrence of fire in the environment. The objective be­
hind the model construction is the products-residuals trade-offs. The 
harvest activities that are hypothesized to significantly impact on the 
residuals production are discussed and entered into the modeling framework. 
The transport mechanism that is hydrologically consistent provides the 
means for measuring trade-offs and is incorporated into the model as well. 
The relevant forest resource base in terms of acres and also the volume 
of the forest stand measured in board feet are also synthesized into the 
model construction. This still leaves a vital segment of the linear pro­
gramming model untouched; the cost structure of the alternative activities. 
Cost data 
An ideal cost matrix would consist of primary data sources for each 
harvest alternative in every PA with at least 20 observations of each for 
good measure. Such is not the case in the forest sector. Information is 
scarce, particularly for the newer methods of balloon and helicopter log­
ging. The unit of measurement, dictated by available data, is the cost 
coefficient in terms of the board feet harvested from a site. The net 
board foot volume is provided in the Forest Resource bulletins in conjunc­
tion with the land base development and provides a means for a relative 
cardinal ranking of the possible harvest alternatives. 
Cost definition 
Chapter VI indicates that there is not a concensus concerning the 
variable cost components for a forest harvest activity. The Inclusion of 
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road construction costs as a component of the harvest cost does not alter 
the ranking of the harvest alternatives although it does change the rela­
tive costs. With or without road costs included, costs progress from high 
lead, tractor, skyline, balloon and helicopter and are presented without 
road costs in Table 19. Table 20 indicates that inclusion of road costs 
increases the real cost of the more traditional methods such as tractor 
and high lead and favors the more environmentally oriented methods such 
as skyline, balloon and helicopter. 
Logging costs in this study are defined to include the road 
construction, as well as the typical components of felling, yarding, load­
ing, hauling, and administration. Most data sources do not include the 
road costs (Table 19) but using research results from Satterlund [93], 
Klock[53,54]and Sauder and Nagy [94] road construction costs for each har­
vest method are developed and presented in Table 20. Read costs are rising 
faster than yarding costs because of higher road standards, more patch 
cutting, lower site yields, more difficult terrain, and additional environ­
mental constraints. Road costs plus harvest costs when summed yield the 
total harvest cost in dollars per thousand board foot (MBF) and are reported 
in Table 21. This cost in dollars per MBF when used in conjunction with 
the reported volume in MBF of the forest site yields the cost of the har­
vest operation for this study. The variation in the cost for each harvest 
method is accounted for by such aspects as yarding capacities, mechanical 
reliability, labor skills required, and administrative requirements. With 
the inclusion of road construction costs: skyline, balloon, and helicop­
ter logging become competitive with the traditional methods of tractor 
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Table 19. Logging costs by harvest means (excluding road costs) 
Date of 
Author Publication Cost ($/MBF) 
Tractor 
Kemper & Davis [51] 1976 30.00 
43.00 
45.00 
Klock [53] 1976 34.85 
34.85 
38.50 
High lead 
Atkinson, Bare, Schreuder & 1974 35.25 
Stenzel [12] 
Dykstra & Froehlich [33] 1976 21.90 
29.93 
23.77 
26.88 
24.95 
23.97 
20.83 
23.86 
28.69 
23.03 
Klock [53] 1976 35.00 
Sauder & Nagy [94] 1977 40.76 
Skv line 
Atkinson, Bare, Schreuder & 1974 43.25 
Stenzel [12] 
Klock [ 5 3 ]  1976 52.73 
Sauder & Nagy [94] 1977 41.79 
Balloon 
38.56 
Gardner, Jacobsen & Hartsog [42] 1973 50.00 
Sauder & Nagy [94] 1977 50.35 
Klock [53] 
Helicopter 
1976 74.98 
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Table 20. Road construction and repair costs 
a 
Harvest Means Costs ($/MBF) 
Tractor 10.78 
High lead 8.99 
Skyline 5.30 
Balloon 4.87 
Helicopter 2.25 
^SOURCES; Sattc.rlund [93], Klock [54], and Sauder and Nagy [94]. 
Table 21. Total logging costs by harvest means 
Harvest Means Cost ($/MBF) 
Tractor 49.99 
High lead 42.94 
Skyline 50.69 
Balloon 55.04 
Helicopter 77.23 
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and high lead. The new cost structure should aid in their general 
acceptance as a viable harvest method alternative. 
Lysons and Twito [65] state two reasons why skyline logging has not 
achieved greater acceptance: (1) the newness and initial expense of some 
of the equipment and (2) misconceptions and misunderstandings of the basics 
of logging with suspended cables. With most yarding systems logging costs 
increase sharply with yarding distance, this line of thought is carried 
over to skyline logging. However, skyline logging is much less sensitive 
to distance, and where road costs are included, an overall savings may 
occur in yarding extended distances. 
Based on a study by Gardner, Jacobsen and Hartsog [42] broad criteria 
were developed for an economical balloon harvest operation: (1) volumes 
per acre greater than 12 MBF; (2) transverse slopes and relatively flat, 
unbroken terrain; and (3) drainage bottoms wide enough for adequate land^ 
ing sites. The balloon logging system has excellent potential for selec­
tive logging because logs are lifted vertically above the existing under-
story. A reach of 3,000 feet reduces the number of miles of road needed 
to log an area, which in turn reduces costs. If the downward cost trend 
continues, balloon logging will become more and more economically attractive. 
The ideal logging application of helicopter Is for removal of widely 
spaced, high-value trees or widely scattered pockets of high-value timber. 
Such applications, from a practical standpoint, might be in diseased or 
insect-damaged stands or other partial cuts to achieve desirable silvl-
cultural or protection objectives. 
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Helicopters are also useful where road building Is environmentally 
or economically prohibitive. Consideration has been given to combining 
helicopter logging with other less expensive aerial systems: skylines or 
balloons would reach as far as possible into marginal stands or roadless 
areas, with helicopters being used to yard the remaining area. Helicopters 
might also be used to feed logs to skylines or balloons from areas beyond 
their maximum reach. 
Demand Estimation for Timber Products 
The demand for forest products is the driving mechanism in the forest 
model presented in this chapter. The forest model demands are fixed and 
represent the mechanism which brings harvest activities into solution. The 
obvious minimum cost solution without the fixed demands in zero forest 
products. Therefore, the level of forest products demand in the conti­
nental United States becomes a key parameter in the model outcomes. 
Few timber products are consumed directly in the form in which they 
are harvested. Instead; raw products «neve to major markets vhere they are 
milled, planed, and manufactured to become a component or total product 
that is ultimately used by the individual consumer. The consumer's demand 
for final products also affects the final product price which, in turn, 
affects the demand for the raw timber product. Therefore, demand for most 
timber products is a derived demand. Final consumption or use of timber 
products depends upon the behavioral activities of consumers' in the market 
structure of supply and demand. 
One example of a negative impact upon consumer demand occurs when the 
market Interest rate on housing loans rises, demand for loanable funds 
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decreases which in turn decreases new household construction. Household 
construction is a major component of the economic activity that determines 
timber demand. Other examples such as increased off-site forming of pre­
cast and prestressed concrete beams and decking in lieu of onsite forming 
have further reduced use of forming lumber and plywood per unit of non­
residential construction. Finally, use of timber products in nonresi­
dential construction has been strongly influenced by building code 
restrictions and growing urbanization. This is associated with growth in 
demand for large high-rise structures, constructed almost entirely of 
steel and concrete [138]. Shifts toward materials made of metals and chem­
ical synthetics as substitutes for wood in the construction industry have 
a depressing influence on the demand for timber products. 
In contrast to the above forces, there have been other developments 
which have tended to increase forest products usage [121], The demand for 
certain paper and board products seems to be rather insensitive to price 
changes. This is believed to reflect the lack of acceptable low cost sub­
stitutes for paper and board in most end-uses. Also, for many items such 
as books, tissue papers, and various kinds of containers, the cost of paper 
or board to the final consumer is small in relation to the total of the 
product consumed or to consumer income. Even fairly large percentage 
changes in paper and board prices appear unlikely to have much Impact on 
consumption. An additional positive influence on demand may be the even­
tual realization of the high energy requirements of metal alloys and steel 
products as opposed to the low rates for comparable wood products [1261. 
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The present study focuses on the determination of the demand 
parameters for timber products at a national level, in units of million 
board feet for raw forest products demanded. Several possible independent 
variables are tested in trying to estimate the statistical best fit demand 
equation. The data used are national aggregates across all products running 
for 22 years from 1951 to 1972. The time-series is likely to yield results 
influenced by autocorrelation, therefore, vary restrictive interpretations 
of demand over time are suggested. The general linear format of the demand 
is as follows : 
(10) " at + /3^N^ + + /îgT^ + Uj. 
where: 
= the apparent consumption of timber products in billion board 
feet; 
N = U.S. population in million; 
M = the index of the manufacturing products (1967 = 100); 
WP = the wholesale price index (1967 = 100); 
LP = all lumber and wood products price index (1967 = 100); 
I = the disposable personal income (in dollars); 
T = time (in years); 
U = residual error; and 
ct = constant. 
Ordinary least squares (OLS) regression analysis is used and as 
expected, the results were found to be aucocorrelated, the Durban-Watson 
statistic exceeded the upper deviation. The first-order autoregression 
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technique Is then used to correct the autocorrelated error in order to 
obtain accurate estimates of the beta coefficients of the demand equation. 
Table 22 presents the estimated national demand equation and its relevant 
statistics. 
Table 22. Estimated national timber products demand equation 
= -126.3 + .84N - .lOM - .13WP + .09LP - 2.93T 
t-values (-4.07) (4.46) (-3.73) (5.41) (5.25) (-4.73) 
MSB = .057 - .94 
The coefficient of manufacturing product-index is negative. It 
indicates that if there is an increase in use of the substitute products 
of timber (e.g., metals or plastics) the demand for direct use of timber 
products fall. 
The coefficient of average wholesale price index is negative while 
the coefficient of lumber and wood price index is positive. A plausible 
explanation could be that the increase in consumer price index decreases 
the use of some timber products in construction activities and furniture 
manufacturing which have close substitutes; while lumber and certain wood 
products prices such as paper, boards and other household products (e.g., 
tissue papers) made of wood, increase as income increases. Furthermore, 
the prices of timber products relative to the average wholesale price of 
all commodities have not changed very much during the past two decades [121]* 
This indicates that although the lumber and wood price index has increased 
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during the period under study, it did not increase as fast as tbe 
wholesale price index. In other words, lumber and wood prices were rela­
tively low when compared to prices of other substitutes and competing 
products. 
The coefficient of time factor is negative. A plausible explanation 
is that the rapid change in technological and institutional structures in 
the U.S. economy have induced improved and comparatively cheap substitute 
products for timber. With the passage of time, demand for timber products 
may continue to decline as close substitutes are being extensively used in 
residential and other new construction purposes [138]. 
The results of this demand estimation are inconclusive, forest 
products demand can substantially increase or decrease with swings in the 
economy over time. Fast increases in timbers' own price as in 1968-69 
and again in 1971=72 appears to have had very limited initial impacts on 
consumption of timber products indicating rather inelastic demand curves. 
The Forest Service projections given in the Timber Outlook for 1973 [121] 
also indicate a relatively constant forest products demand. Therefore, 
the end result of this demand sector is that the demand used in this study 
is 61.7 billion board feet of timber products. This demand level is pre­
sented in the Timber Outlook for 1973 [121]for the continental United 
States. 
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CHAPTER VIII. THE ANALYSIS OF 
ALTERNATIVE MODEL SOLUTIONS 
The preceding chapters have laid the groundwork for an in-depth 
look Into the Interactions of physical and economic phenomena relating 
the general disciplines of forestry and agriculture. The zone of Inter­
action Is the river basin system and the criteria are pollution versus 
production. The study looks not only at the question of what Is produced, 
but other vital questions of where and at what cost become paramount. 
Agriculture has already beer introduced In earlier studies. The 
present focus is initially directed toward the forest sector and then to 
the main event of trade-offs between forestry and agriculture. The trade­
off is defined to be centered around meeting demands for commodities on 
one hand, and maintaining a quality environment on the other. The level 
of comparison is national in character and yet the model structure developed 
allows disaggregation to smaller units called producing area#. The pro­
ducing area orientation is designed to conform to the physical delimita­
tions of the major river basins of the continental United States. As 
mentioned, the river basins act as the accounting mechanism and the units 
are synthesized into a quality index of water known as suspended sediment. 
The Forest Model Solutions 
The development of a new model or component of a larger model has 
its first main test when the system is finally linked together and is run 
on a maiden voyage. This first attempt Is designed to provide a look at 
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the reasonableness of the solution as preconceived by the researcher. 
The Intent is to establish a creditable basis from which to make compar­
isons. The basis is established for the forest sector as a separate 
entity and is the unrestricted normative base solution. The stage is then 
set to analyze responsiveness and sensitivity to such events as: exogenous 
shocks, alternative objective functions, parameterization of key variables, 
and implementation of relevant policy restrictions. 
For the purposes of this study, four relevant solutions for the 
forest model as a separate entity are undertaken: a) Minimum Cost, b) 
Minimum Sediment, c) Minimum Sediment subject to minimum cost (Sediment/ 
Cost), and d) Minimum Cost subject to the restriction that the minimum 
sediment level must be maintained (Cost/Sediment). The minimum cost solu­
tion is an unrestricted solution incorporating 1985 demand levels for 
forest products and establishes the minimum cost production pattern for 
meeting the demand levels. The minimum sediment alternative also uses 
the 1985 demand levels for forest products but its objective is to meet 
these demands with the minimum amount of sediment being generated in the 
harvest process. This model represents an extreme environmentalist posi­
tion. The Sediment/Cost solution is intended to locate alternative options 
if a trough in the production surface exists, here sediment production is 
minimized subject to the minimum cost objective level attained in the 
Minimum Cost alternative. The Cost/Sediment solution attempts te dis" 
cover if there are alternative optional solutions of minimum cost that 
concurrently produce lover levels of suspended sediment for the nation as 
a single unit. 
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Mlncost and Mlnsed alternatives 
The solutions depict a normative description of what should be the 
state of affairs under alternate objective functions. The Minimum Cost 
(Mlncost) and Minimum Sediment (Mlnsed) solutions represent the extreme 
endpolnt positions of the possible trade-offs between production and pollu­
tion for the forest ecosystem. The Minimum Sediment idealizes the environ­
mentalists' position if timber product demands must be met, and the 
Minimum Cost is an idealized state of using available resources to meet 
production quotas at the least possible cost to the nation. 
A goal of each solution is to determine the optimal production 
pattern of silviculture; this consists of spatially locating where the 
forests should be harvested and by what method the forest should be har­
vested. In each solution the generation of suspended sediment and its 
movement is traced through the nation's waterways. This provides a spatial 
representation of the magnitude of water quality deterioration in each 
producing area. When the PA's are aggregated into the drainage patterns 
of the nation's rivers, a river basin account of the total problem is 
provided. The basin aggregation is not a simple summation of included 
PA'S; the aggregation reflects reductions due to the physical characteris­
tics of each river system as reflected in its transport ratios. 
The Minimum Sediment and Minimum Cost alternatives do not simulate 
the historic patterns of forest harvest practices nor do they incorporate 
any sediment movement restrictions because of the futuristic normative 
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minimization, with respect to sediment, in each PA. The objective is to 
minimize the sediment contribution at the PA level rather than minimizing 
the sediment transported or minimizing the amount of sediment deposited 
into the surrounding oceans. This focuses attention on the potential 
direct onsite losses in site productivity and the amount of suspended 
sediment that enters the river system rather than the indirect water and 
sediment transport problems. 
Full comparative advantage is allowed in these alternatives. Timber 
production can be allocated and resources used among areas and regions 
so that the national production pattern is the most efficient. 
Sediment/Cost and Cost/Sediment 
A very interesting variant of strict cost minimization or sediment 
minimization is presented in both the Sediment/Cost and the Cost/Sediment 
alternatives. The objective of these model runs is to determine if there 
exists a trough on the production surfaces of cost or sediment minimiza-
LIOU. The eacionaie behind such runs is that it is quite possible that 
alternative optimal solutions could exist in addition to the first obtained. 
The existence of the trough would allow the first objective level of cost 
minimization or sediment minimization to be obtained. Then an alternative 
optima could be derived for sediment production subject to the restriction 
of the initial cost minimization. 
The modeling steps to obtain these results are straightforward; the 
optimal activity level of the initial cost minimization solution is entered 
as an upper limit for the cost row when the second objective of sediment 
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minimization Is attempted. If the trough exists, alternative harvest 
patterns will enter the solution that still meet the minimum cost objec­
tive but with less sediment production. This type of movement approxi­
mates a positive sum game or pareto optimal movement for national 
production and environmental considerations. 
Unfortunately, what looks so nice in theory is not quite so nice in 
application. Cycling problems resulted due to insufficient precision 
relating to the matrix inversion operation. The end result is that in­
stead of restricting the second minimization to the first minimization 
optimal objective activity level, the level plus one percent is used. 
This circumvented the cycling problem and closely approximates the desired 
solution orientation. Thus, both Cost/Sediment and Sediment/Cost are 
slight deviations from the desired dual minimization runs. 
It must be noted that there exists the possibility for a vast number 
of alternative solutions; some of which would include a taxation or sub­
sidization scheme to force activity shifts toward environmental objectives. 
These runs are not attempted at this time because of the deficiency in the 
cost sector data. Greater precision and reliability will have to be 
developed for the harvest cost coefficients to enable the tax and subsidy 
alternatives to attain a creditable status and provide additional detail 
of economic value. 
Minimum Cost (Mincost) 
The Minimum Cost alternative is the base from which comparisons of 
static outcomes of other solutions are compared. The demand level that 
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drives the model is 61.7 billion board feet of forest products demanded 
annually. This demand is projected as approximately constant from 1970 
to 1985. The demand figure is disaggregated to the seven regional delin­
eations presented in Figure 1. The disaggregation is conducted according 
to the apparent consumption data breakdown of the 1973 Timber Outlook 
[121]. The commercial land area available for forest harvest is reduced 
by the rotation lengths of Table 17 and is presented by PA in Table 23. 
The first five columns of Table 23 represent the Minimum Cost solution in 
terms of answering the questions of how much to harvest where and by what 
method. 
The harvest method selected is exactly the method expected a priori. 
When road construction costs are included, the high lead method results 
in the lowest cost per unit volume of timber harvested. The Minimum Cost 
alternative selected high lead in every PA where harvesting takes place. 
PA'S numbered 2, 13, 18, 35, 70, 94, and 99 all entered the solution as 
a part of the basis, this reflects the marginal PA in each of the seven 
major regions of the national demand breakdown. 
The forest model solutions for sediment are presented in Table 24. 
The amount transported by PA as well as the destination are displayed. 
The distinctions represent the departure areas for the continental United 
States. Once the sediment reaches either the oceans or the bordering 
countries it is beyond the Influence of U.S. policy. The oceans act as 
accountants for the transported sediment loads and are numbered from 200 
to 900 to easily distinguish thsis from tlis FA'5 wîîicïi are numbered 
Table 23. Producing area results obtained from Minimum Cost and Minimum Sediment solutions 
for the forest model 
Minimum Cost Minimum Sediment 
Maximum Commercial Commercial 
Commercial Volume Method Acres Method Acres 
PA Acres (OOOBF) of Harvest Harvested of Harvest Harvested 
1 197500 1112005 Hlghlead 197500 Helicopter 197500 
2 38312 103075 Righlead 15953 Helicopter 15953 
3 24712 170645 Hlghlead 24712 Helicopter 24712 
4 23325 0 None 0 None 0 
5 74550 421065 Hlghlead 74550 Helicopter 74550 
6 33988 0 None 0 None 0 
7 57775 322000 Hlghlead 57775 Helicopter 57775 
8 7900 0 None 0 None 0 
9 54238 266889 Hlghlead 54238 Helicopter 54238 
10 127400 486904 Hlghlead 127400 ' Helicopter 127400 
11 134326 839488 Hlghlead 134326 Helicopter 134326 
12 63512 0 None 0 None 0 
13 292782 1573167 Hlghlead 233462 Helicopter 233462 
14 351121 2443854 Hlghlead 351121 Helicopter 351121 
15 332883 2669174 Hlghlead 332883 Helicopter 332883 
16 240825 1573648 Hlghlead 240825 Helicopter 240825 
17 36050 220005 Hlghlead 36050 Helicopter 36050 
18 220644 1691408 Hlghlead 220258 Helicopter 240644 
19 282088 2423370 Hlghlead 282088 Helicopter 283866 
20 205000 0 None 0 None 0 
21 176238 1882676 Hlghlead 176238 Helicopter 176238 
22 165988 1160544 Hlghlead 165988 Helicopter 165988 
23 72387 512232 Hlghlead 72387 Helicopter 72387 
24 3788 21427 Hlghlead 3788 Helicopter 3788 
25 80500 568843 Hlghlead 80500 Helicopter 80500 
26 519900 0 None 0 Helicopter 8542 
27 13650 96502 Hlghlead 13650 Helicopter 13650 
28 22737 133582 Hlghlead 22737 Helicopter 22737 
29 61312 0 None 0 None 0 
Table 23. (Continued) 
Minimum Cost Minimum Sediment 
Maximum Commercial Commercial 
Commercial Volume Method Acres Method Acres 
PA Acres (OOOBF) of Harvest Harvested of Harvest Harvested 
30 82612 0 None 0 None 0 
31 125275 0 None 0 None 0 
32 37400 0 None 0 None 0 
33 89665 0 None 0 None 0 
34 98800 464666 Highlead 98800 Helicopter 98800 
35 40775 89087 Hlghlead 17545 None 0 
36 88765 518021 Highlead 88765 Helicopter 88765 
37 145013 0 None 0 None 0 
38 84221 706334 Highlead 84221 Helicopter 84221 
39 89475 585360 Highlead 89475 Helicopter 89475 
40 95637 0 None 0 None 0 
41 25262 178923 Highlead 25262 Helicopter 25262 
42 21412 81255 Highlead 21412 Helicopter 21412 
43 4(5237 0 None 0 None 0 
44 74414 529341 Highlead 74417 Helicopter 74417 
45 40)2534 3512203 Highlead 402534 Helicopter 402534 
46 157825 1230606 Highlead 157825 Helicopter 157825 
47 65737 416707 Highlead 65737 Helicopter 65737 
48 1675 22711 Highlead 1675 Helicopter 1675 
49 16537 224225 Highlead 16537 Helicopter 16537 
50 6163 83564 Highlead 6163 Helicopter 6163 
51 22937 231721 Highlead 22937 Helicopter 22937 
52 26050 147836 Highlead 26050 Helicopter 26050 
53 1975 12269 Highlead 1975 Helicopter 1975 
54 37762 341889 Highlead 37762 Helicopter 37762 
55 6675 74878 Highlead 6675 Helicopter 6675 
56 925 10376 Highlead 925 Helicopter 925 
57 6250 0 None 0 Helicopter 6250 
58 1862 0 None 0 None 0 
59 4662 0 Skyline 4662 None 0 
PA 
60 
6.1 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
83 
23. (Continued) 
Minimum Cost Mlnimun Sediment 
Ma::j.mum Commercial Commercial 
Comnerclal Volume Method Acres Method Acres 
Acres (OOOBF) of Harvest of Harvest of Harvest Harvested 
61475 0 None 0 None 0 
113364 0 None 0 None 0 
14450 145530 Hlghlead 14450 Helicopter 14450 
2037 0 None 0 None 0 
106660 619610 Hlghlead 106660 Helicopter 106660 
9887 59455 Hlghlead 9887 Helicopter 9887 
6794 0 None 0 None 0 
0 0 None 0 None 0 
:2!789 0 None 0 None 0 
165095 1066549 Hlghlead 165095 Helicopter 165095 
142308 233598 Hlghlead 33839 Helicopter 34453 
92637 629159 Hlghlead 92637 Helicopter 92637 
0 0 None 0 None 0 
6431 43677 Hlghlead 6431 Helicopter 6431 
0 0 None 0 None 0 
1650 11206 Hlghlead 1650 Helicopter 1650 
1593 10819 Hlghlead 1593 Helicopter 1593 
14300 144019 Hlghlead 14300 Helicopter 14300 
41000 0 None 0 Helicopter 41000 
625 4244 Hlghlead 625 None 0 
4175 25188 Hlghlead 4175 Helicopter 4175 
0 0 None 0 None 0 
23379 203809 Hlghlead 23379 Helicopter 23379 
36193 361133 Hlghlead 36193 Helicopter 36193 
19775 0 None 0 Helicopter 19775 
15825 127847 Hlghlead 15825 Helicopter 15325 
13237 112809 Hlghlead 13237 Helicopter 13237 
32275 245823 Hlghlead 32275 Helicopter 32275 
14561 130802 Hlghlead 14561 Helicopter 14561 
7500 62674 Hlghlead 7500 Helicopter 7500 
Table 23. (Continued) 
Minimum Cost Minimum Sediment 
Miaixlmum Commercial Commercial 
Commercial Volume Method Acres Method Acres 
PA Acres (OOOBF) of Harvest Harvested of Harvest Harvested 
90 1114 13611 Hlghlead 1114 Helicopter 1114 
91 225 2749 Hlghlead 225 Helicopter 225 
92 1514663 2854834 Hlghlead 194663 Helicopter 194663 
93 147612 4500677 Hlghlead 147612 Helicopter 147612 
94 50539 56986 Hlghlead 3837 Helicopter 50539 
95 93735 1545473 Hlghlead 93735 Helicopter 93735 
96 333127 10055926 Hlghlead 333127 Helicopter 310153 
97 91253 2816646 Hlghlead 91253 Helicopter 91253 
98 20288 607915 Hlghlead 20288 Helicopter 20288 
99 96476 2197819 Hlghlead 85291 Helicopter 68780 
100 72836 1783270 Hlghlead 72836 Helicopter 72836 
101 22179 543016 Hlghlead 22179 Helicopter 22179 
102 4468 109392 Hlghlead 4468 Helicopter 4468 
103 1628 39859 Hlghlead 1628 Helicopter 1628 
104 2550 62432 Hlghlead 2550 Helicopter 2550 
105 3621 88654 Hlghlead 3621 Helicopter 3621 
Table 24. Sediment transport "patterns for alternative forest model solutions by PÂ 
Minimum/CoSt Minimum/Sediment Cost/Sediment Sediment/Cost 
Sediment Sediment Sediment Sediment 
From PA To PA or Ocean^ (OOO tons) (000 tons) (000 tons) (000 tons) 
1 200 2279 1518 2279 1560 
2 200 518 426 518 438 
3 200 334 223 334 229 
4 200 358 358 358 358 
i> 200 94 65 94 71 
6 200 636 636 636 636 
7 8 265 193 265 197 
8 200 443 370 443 374 
9 200 283 192 283 197 
10 200 1291 855 1291 872 
1]L 200 1204 745 1204 770 
i:> 200 1730 1730 1730 1730 
1") 200 2969 1786 2969 1850 
u 200 2283 1235 2283 1293 
15 200 474 272 474 316 
^00 * Atlantic Ocean 
300 = Gulf of Mexico 
400 = Great Lakes 
500 = Canada 
600 « Mexico 
700 « Closed Basins 
800 * Pacific Ocean 
900 « Atlantic Ocean and/or Gulf of Mexico 
Table 24. (Continued) 
Minimum/Cost 
Sediment 
From PA To PA or Ocean* (000 tons) 
16 900 1281 
17 900 291 
18 300 4377 
19 300 6483 
20 300 34490 
21 300 1524 
22 400 694 
23 400 99 
24 400 3 
25 400 34 
26 400 219 
27 400 7 
28 400 38 
29 400 1223 
30 31 625 
31 34 2601 
32 31 712 
33 31 31203 
34 44 2629 
35 44 208 
36 44 849 
37 38 mi 
38 44 321 
39' 40 149 
401 41 1869 
41 42 847 
42 43 498 
43. 44 1503 
44 45 5930 
45, 46 H083 
Minimum/Sediment Cost/Sediment Sediment/Cost 
Sediment Sediment Sediment 
(000 tons) (000 tons) (000 tons) 
655 1281 690 
199 291 204 
2480 4553 2590 
3540 5802 3661 
34490 34490 34490 
845 1524 882 
486 694 498 
71 99 76 
2 3 3 
31 34 34 
219 327 225 
5 7 7 
26 38 28 
1223 1223 1223 
625 625 625 
2601 2601 2601 
712 712 712 
1203 1203 1203 
2402 2629 2415 
171 171 171 
534 849 551 
2227 5514 2227 
215 321 222 
114 149 121 
1844 1869 1849 
811 847 814 
466 498 469 
1402 1509 1410 
4980 5797 5028 
6562 7950 6645 
Table 24. (Continued) 
Minimum/Cost 
Sediment 
From PA To PA or Oceaa^ (00(1 tons) 
46 300 !)247 
47 500 41 
48 52 30 
49' 50 6 
501 48 24 
51 52 262 
52 57 65 
531 57 5 
54 55 189 
55 56 234 
56 57 238 
57 60 331 
58 59 15 
59 60 79 
60 43 839 
61 45 726 
62 63 38 
63 64 32 
64 45 324 
65 66 60 
66 64 65 
67 68 0 
6« 69 62 
69 46 815 
70 300 833 
7:1 300 550 
72 73 7 
7:3 300 263 
74 75 0 
73 300 304 
Minimum/Sediment Cost/Sediment Sediment/Cost 
Sediment Sediment Sediment 
(000 tons) (000 tons) (000 tons) 
7334 9118 7440 
41 41 41 
22 30 24 
5 6 6 
18 24 20 
217 217 217 
51 64 52 
4 5 4 
142 189 145 
178 234 181 
181 238 185 
259 335 264 
15 17 16 
76 81 76 
764 845 769 
726 726 726 
32 38 33 
31 33 31 
259 325 263 
52 60 53 
64 70 65 
0 0 0 
62 65 62 
586 818 600 
761 826 765 
462 550 468 
7 7 7 
258 263 258 
0 0 0 
303 304 303 
76 
77 
78 
791 
80 
81 
82: 
83 
84 
8fi 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
918 
99 
100 
101 
102 
103 
104 
105 
104 
1532 
366 
18 
142 
174 
13 
584 
69 
152 
131 
84 
64 
954 
12 
277 
235 
599 
236 
1796 
432 
167 
9281 
6676 
200 
8293 
67 
103 
35 
(Continued) 
To PA or Ocean 
300 
78 
79 
81 
79 
300 
84 
84 
86 
86 
600 
600 
700 
700 
700 
700 
93 
96 
95 
93 
800 
800 
93 
800 
102 
102 
800 
800 
800 
101 
Minfaium/Cost 
Sediment 
(000 tons) 
251 
133 
1522 
366 
19 
143 
192 
13 
581 
74 
162 
141 
95 
67 
961 
12 
277 
236 
606 
238 
2761 
547 
224 
37773 
8257 
200 
10022 
67 
103 
35 
Minimum/Sediment 
Sediment 
(000 tons) 
249 
102 
1518 
363 
17 
142 
173 
13 
580 
68 
151 
129 
83 
63 
954 
12 
196 
174 
597 
231 
1663 
391 
164 
29281 
6588 
184 
8189 
66 
101 
33 
Cost/Sediment 
Sediment 
(000 tons) 
251 
133 
1777 
413 
19 
158 
192 
13 
648 
74 
163 
141 
95 
67 
961 
12 
277 
236 
646 
248 
2761 
547 
224 
29638 
8257 
200 
9911 
67 
103 
35 
151 
consecutively from 1 to 105. The sediment (in thousand tons) consists 
of the contributions from the undisturbed forest lands, burned forest 
acreages, acres of mass erosion, and harvested acreages. The summation 
of sediment across the 105 PA's for the Minimum Cost alternative exceeds 
that of the total sediment produced in the nation. This implies that the 
transport mechanism for the basins is working. For example, Table 24 
shows that 443,000 tons of sediment are transported from PA 8 into the 
Atlantic Ocean which is designated as ocean 200. This 443,000 tons con­
sists of the sediment generated from the activities of PA 8 as well as 
the suspended sediment originating from PA 7 that is transported through 
PA 8 into the ocean. Therefore, a simple summation results in a double 
counting of the sediment transported from an Inland PA. 
Table 25, on the other hand, is a summation across the sediment 
produced in each PA for the 18 major river basins. Sediment transported 
through the basins Is not reflected, just the sediment produced. The 
Minimum Cost alternative produces a grand total of nearly 140 million 
tons of suspended sediment for the continental United States. This is a 
substantial contribution to the nation's sediment problem. But even this 
figure does not necessarily represent a maximum from the forest sector. 
Increased harvest to fulfill higher demands would Increase the residuals 
produced, but even with demand constant the sediment levels could be 
higher if tractor logging was the lowest cost method. An assumption made 
in the harvest sector is that if average management is utilized, sediment 
production levels could be much higher If improper management Is the rule 
and not the exception. 
Table 25. Sediment production patterns for alternative forest model solutions aggregated 
to river basin levels 
Minimum Cost Minimum Sediment Cost/Sediment Sediment/Cost 
Sediment Sediment Sediment Sediment 
Produced Produced Produced Produced 
Iliver Basin (000 tons) (000 tons) (000 tons) (000 tons) 
1. New England 4220 3226 4220 3292 
2. Middle Atlantic 4951 3891 4951 3943 
3. S. Atlantic Gulf 54174 45502 53668 45977 
4. Great Lakes 2317 2063 2425 2094 
f». Ohio 5612 5033 5575 5063 
6. Tennessee 2526 2420 2526 2427 
/. Upper Mississippi 2286 2213 2286 2223 
El. Lower Mississippi 1872 1039 1770 1083 
Î'. Souris-Red-Rainy 41 41 41 41 
10. Missouri 1134 1007 1095 1014 
11. Ark.-Kfhite-Red 2021 1715 2029 1735 
121. Texas-Gulf 2208 2040 2201 2050 
131. Rio Grande 1754 1720 2008 1736 
14. Upper Colorado 777 758 845 763 
15. Lower Colorado 365 335 365 339 
16. Great Basin 1135 1112 1135 1114 
17. Columbia-N. Pac. 4490 3082 4530 3347 
18. Cal.-S. Pacific 47965 37638 39720 37744 
TOTAL SEDIMENT 
Produced 
in U.S. 139847 114834 131390 115985 
TOTAL COST 
of Harvesting 
in U.S. 2.65 Billion 4.75 Billion 2.67 Billion 3.27 Billion 
153 
Examining the sediment production of the 18 major river basins of 
Table 25 and concurrently the amount of sediment leaving the continental 
UnitPi! States as shown in Table 24 indicates that 130 million tons of the 
139.9 million tons of suspended sediment generated in the United States 
leaves the United States. This Implies that with the selected harvest pat­
tern and remaining undisturbed forest conditions, approximately 10 million 
tons of sediment will remain trapped in the river system annually from the 
forest sector alone. 
Minimum Sediment (Minsed) 
The Minimum Sediment solution reflects the least sediment that is 
produced with the available technology and still meet the national demands 
for timber products. The Minimum Sediment solution advocates exclusive 
usage of helicopter logging for the United States. Helicopter logging 
is an advanced logging method that is presently being used in less than 
one percent of the nation's timber harvest operations. Implementation 
of helicopter logging for the 'jhcls nation is tcchnclcgicslly infesslble 
and economically prohibitive. But from a normative viewpoint, if the 
objective is to minimize sediment then helicopter logging is the optimal 
method to achieve this goal. 
The cost data for the alternative harvest methods and the sediment 
production equations shed new light on the production-residuals trade-off. 
The cost increase from the least to the most expensive method is approxi­
mately double, whereas the sediment reduction potential is much greater 
depending upon the particular PA under consideration. Contingent upon 
154 
society's value on sediment reduction, the marginal benefit from the 
adoption of the helicopter logging could greatly outweigh the marginal 
costs of implementing the helicopter logging practice. 
The marginal PA's for forest harvest activities in the Minimum 
Sediment alternative remain the same as the Minimum Cost alternative ex­
cept for shifts from PA 35 to 26 and from 94 to 96 as Indicated in Table 
23. This reflects lower helicopter sediment production rates for the 
volume harvested in these PA's. There are also shifts in the commercial 
acreages harvested—PA's 18, 19, 57, 78, 84, and 94 increase acreage 
harvested. These shifts are based upon comparative advantage of sediment 
production rates for the volumes harvested in PA's which indicate acreage 
increases. 
Examining the sediment transport patterns displayed in Table 24 
reveals the expected result that the volume of sediment moved is reduced 
across the United States for the Minimum Sediment alternative. The sedi­
ment reductions by river basins are displayed in Table 25. The largest 
reductions occur along the East Coast, the lower Mississippi and the West 
Coast (Table 25). These areas currently have the greatest amount of tim­
ber harvested. Therefore, the greatest sediment reduction can be expected 
when the harvest method is changed from high lead to helicopter. The 
change in harvest methods occurred in the Lower Mississippi river basin 
and resulted in the greatest percent change in sediment levels. The other 
means of reducing the suspended sediment load is reducing the acreage har­
vested in the PA in addition to changing the method. The California South 
Pacific river basin exhibited a marked decrease in acres harvested. 
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Another perspective of sediment reduction is afforded by looking at 
the sediment leaving the continental United States. The individual PA 
components of the amount of suspended sediment transported from the con­
tiguous pa'S are presented in Table 24. Table 26 is an aggregate of the 
patterns depicted in Table 24 and allows a quick encompassing perspective 
of the situation. The percentage reduction of sediment leaving the United 
States is displayed and easy comprehension of the absolute magnitudes is 
afforded. 
The largest percentage reduction is for the PA's in southern Florida 
as represented by departure zone 900. Closer scrutiny reveals that the 
absolute magnitude of the reduction in terms of the continental total is 
trivial. The largest absolute reductions are into the Pacific Ocean and 
the Gulf of Mexico. The Pacific Ocean reduction can be explained by steep 
topography and the change in logging method which reduces not only the sur­
face contribution to suspended sedimentation, but also the mass erosion 
component of suspended sediment as well. The Gulf change is due to highly 
erosive soils, large harvesting operations, and the shift to the more 
environmentally sensitive method of helicopter logging. 
The solutions of minimum cost and minimum sediment allow a static 
two point arc elasticity estimate to be derived. The response estimate 
entails the extreme positions of activity costs and sediment production 
for the nation as a whole. The arc elasticity estimate is appropriately 
titled the cost elasticity of sediment production and is graphically 
represented by Figure 14. The elasticity of response for the forest sector 
Table 26. Sediment leaving the continental United States annually by zones of departure 
in million tons for the alternative model solutions 
Departure 
Zones^ 
Minimum 
Cost 
(mm tons) 
Minimum 
Sediment 
(mm tons) 
Percent 
Change 
Cost 
Sediment 
(mm tons) 
Percent 
Change 
Sediment 
Cost 
(mm tons) 
Percent 
Change 
200 14.90 10.41 -30% 14.89 0% 10.69 +2% 
300 58.47 50.86 -13% 57.84 -1% 51.25 +1% 
400 2.32 2.06 -11% 2.42 +4% 2.09 0% 
500 .04 .04 0% .04 0% .04 0% 
600 .30 .28 -1% .30 0% .28 0% 
700 1.14 1.11 0% 1.13 0% 1.11 0% 
800 51.27 39.69 -23% 43.03 -16% 39.97 1% 
900 1.57 .85 -45% 1.57 0% .89 4% 
Total 130.01 105.30 121.22 106.32 
a 
200 = Atlantic Ocean 
300 « Gulf of Mexico 
400 = Great Lakes 
500 = Canada 
600 « Mexico 
700 = Closed Basins 
800 = Pacific Ocean 
900 = Atlantic Ocean and/or (îulf of Mexico 
mm = Million tons 
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is approximately -.225. This Is relatively inelastic and implies that 
the national sediment load can be reduced by .225 million tons when the 
cost of harvest activities is increased by one billion dollars as new 
technological harvest methods are adopted. 
Cost 
(billion dollars) 
6" 
5" 
4 • • 
3" 
2 "  
1 " 
L 
Figure 14. Endpoint positions indicating the extent of substitution 
between cost and sediment objectives for the nation as a whole 
It will be very Interesting to compare the elasticity of the forest 
sector with the elasticity of the agricultural sector in order to deter­
mine a relative estimate of the response per dollars invested for each 
sector. This would indicate that on the average the sector with the 
Minimum Sediment 
(115, 4.75) 
Minimum Cost 
(140, 2.65) 
Sediment 
(million tons) 
50 100 150 
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largest elasticity (disregarding the negative sign) would be the sector 
in which to invest manpower and policy to achieve the greatest reduction 
in nonpoint pollution for the dollars invested. 
Cost/Sediment and Sediment/Cost Analysis 
Analysis of the Cost/Sediment and Sediment/Cost alternatives consists 
of careful scrutiny of the new model solutions and detailed comparison to 
the original Minimum Cost and Minimum Sediment models. A priori the de­
viations between the two model runs are not expected to be great. But as 
previously mentioned, the reduction in sediment is at no additional expense. 
Cost improvements are simply added bonuses and certainly merit the addi­
tional effort of a multiple objective programming orientation. If troughs 
do exist for either the sediment production relationship or the cost func­
tion then the Cost/Sediment and Sediment/Cost alternatives are designed 
to select the optimal optima. This ideal optimal solution would incor­
porate both sediment and cost considerations into the final solution. If 
the Minl=u= Cost or Minimum Sediment solutlouâ are single point minimums 
implying that there is only one optimal minimal position on the surface, 
either or both Sediment/Cost and Cost/Sediment will be infeaslble solutions. 
When these models were briefly Introduced earlier in this chapter it 
was stated that infeasibllities were encountered, these Infeasibilities 
were cycling problems related to the computer software and not to this 
particular model orientation. A one percent relaxation was used to allevi­
ate the cycling; it is suspected that a one-hundredth of one percent could 
have been used and might have provided a more accurate representation of 
the theoretical dual minimization. 
159 
Cost/Sediment 
Analysis of the Cost/Sediment model, when compared to the Minimum 
Cost solution, yields significant differences in the acres harvested when 
compared at the PA level. Table 27 indicates that PA's 19, 35, 44, 51, 
70, 79, and 99 all experienced reduced acreages harvested under Cost/ 
Sediment alternative while 18, 26, 57, 58, 63, 66, 68, 78, 84, and 94 
experienced Increased acreages harvested when compared to the Minimum Cost 
alternative displayed in Table 23. The positive Increase would occur in 
those PA'S where sediment rates on both undisturbed and harvested land 
areas is relatively small. The Great Lakes river basin had the largest 
increase In acreage; this is a reflection upon the gentle topography and 
high infiltration rates of the area. Three PA's in the Arkansas-White-
Red river basin experienced Increased acreages harvested probably due to 
a favorable mixture of topographic characteristics and ample rainfall for 
vegetation growth. The area experiencing the largest loss under the Cost/ 
Sediment alternative was the South Atlantic Gulf, the erosive soils of 
the area and high intensity rainfall probably had a large effect on this 
acreage shift. 
The macro perspective afforded by examining the sediment production 
patterns at a river basin level (Table 25) suggests that there are minor 
shifts and changes from PA to PA but the net effect is minimal except in 
the California South Pacific river basin. The sediment for this river 
basin as a whole unit is 17 percent less than under the Cost/Sediment 
alternative than under the Minimum Cost solution. This réduction is not 
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Table 27. Method of harvest and commercial acres harvested in the 
Cost/Sediment and Sediment/Cost solutions for the forest 
model by PA 
Cost/Sediment Sedimcnt/Cost 
Commercial Commercial 
Method Acres Method Acres 
PA of Harvest Harvested of Harvest Harvested 
1 Highlead 197500 Balloon 197500 
2 Highlead 15953 Balloon 38312 
3 Highlead 24712 Balloon 24712 
4 None 0 None 0 
5 Highlead 74550 Skyline 74550 
6 None 0 None 0 
7 Highlead 57775 Balloon 57775 
8 None 0 None 0 
9 Highlead 54238 Balloon 54238 
10 Highlead 127400 Balloon 89599 
11 Highlead 134326 Balloon 134326 
12 None 0 None 0 
13 Highlead 233462 Balloon 233462 
14 Highlead 351121 Balloon 351121 
15 Highlead 332883 Skyline 332883 
16 Highlead 240825 Balloon 240825 
17 Highlead 36050 Balloon 36050 
18 Highlead 240644 Balloon 240644 
19 Highlead 200948 Helicopter 
Balloon 
43667 
220199 
20 None 0 None 0 
21 Highlead 176238 Balloon 176238 
22 Highlead 165988 Balloon 165988 
23 Highlead 72387 Skyline 72387 
24 Highlead 3788 Skyline 3788 
25 Highlead 80500 Highlead 80500 
26 Highlead 50900 Balloon 50900 
27 Highlead 13650 Highlead 13650 
28 Highlead 22737 Skyline 22737 
29 None 0 None 0 
30 None 0 None 0 
31 None 0 None 0 
32 None 0 None 0 
33 None 0 None 0 
34 Highlead 98800 Balloon 98800 
35 None 0 None 0 
36 Highlead 88765 Balloon 88765 
37 None 0 None 0 
38 Highlead 84221 Balloon 84221 
39 Highlead 89475 Skyline 89475 
40 None 0 None 0 
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Table 27. (Continued) 
Cost/Sediment Sediment/Cost 
Commercial Commercial 
Method Acres Method Acres 
PA of Harvest Harvested of Harvest Harvested 
41 Highlead 25262 Balloon 25262 
42 Highlead 21412 Balloon 21412 
43 None 0 None 0 
44 Highlead 28340 Balloon 30730 
45 Highlead 402534 Balloon 402534 
46 Highlead 157825 Balloon 157825 
47 Highlead 65737 Highlead 65737 
48 Highlead 1675 Skyline 1675 
49 Highlead 16537 Highlead 16537 
50 Highlead 6163 Skyline 6163 
51 None 0 None 0 
52 Highlead 26050 Balloon 26050 
53 Highlead 1975 Skyline 1975 
54 Highlead 37762 Balloon 37762 
55 Highlead 6675 Balloon 6675 
56 Highlead 925 Balloon 925 
57 Highlead 6250 Balloon 6250 
58 Highlead 1862 Balloon 1862 
59 Highlead 4662 None 0 
60 None 0 None 0 
61 None 0 None 0 
62 Highlead 14450 Skyline 14450 
63 Highlead 2073 Balloon 2037 
64 Highlead 106660 Balloon 106660 
65 Highlead 9887 Balloon 9887 
66 Highlead 6794 Balloon 6794 
67 None 0 None 0 
68 Highlead 2789 None 0 
69 Highlead 165095 Balloon 165095 
70 Highlead 30458 Balloon 31621 
71 Highlead 92637 Balloon 92637 
72 None 0 None 0 
73 Highlead 6431 Balloon 6431 
74 None 0 None 0 
75 Highlead 1650 Balloon 1650 
76 Highlead 1593 Balloon 1593 
77 Highlead 14300 Balloon 14300 
78 Highlead 41000 Balloon 41000 
79 None 0 None 0 
80 Highlead 4175 Skyline 4175 
81 None 0 None 0 
82 Highlead 23379 Balloon 23379 
162 
Table 27. (Continued) 
Cost/Sediment Sediment/Cost 
Commercial Commercial 
Method Acres Method Acres 
PA of Harvest Harvested of Harvest Harvested 
83 Hlghlead 36193 Highlead 36193 
84 Highlead 19775 Balloon 19775 
85 Hlghlead 15825 Skyline 15825 
86 Hlghlead 13227 Balloon 13237 
87 Hlghlead 32275 Skyline 32275 
88 Highlead 14561 Balloon 14561 
89 Highlead 7500 Skyline 7500 
90 Highlead 1114 Balloon 1114 
91 Highlead 225 Skyline 225 
92 Highlead 194663 Highlead 194663 
93 Highlead 147612 Highlead 147612 
94 Highlead 19442 Balloon 19442 
95 Highlead 93735 Hlghlead 93735 
96 Highlead 333127 Balloon 333127 
97 Highlead 91253 Skyline 91253 
98 Highlead 20288 Balloon 20288 
99 Balloon 68780 Helicopter 68780 
100 Highlead 72836 Balloon 72836 
101 Highlead 22179 Highlead 22179 
102 Skyline 4468 Helicopter 4468 
103 Highlead 1628 Highlead 1628 
104 Highlead 2550 Highlead 2550 
105 Highlead 3621 Highlead 3621 
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due entirely to acreage shifts. Â shift In harvest methods occurred in 
PA 99 where balloon logging entered the solution and in PA 102 where sky­
line logging is selected as optimal. Both methods create less site dis­
turbance than high lead and result in reduced sediment contributions. 
It is interesting to note that across the whole United States only 
these two harvest method shifts occurred. These PA's reflect the greatest 
potential for sediment reduction In the United States, therefore, to at­
tain the largest marginal gain in environmental quality attention should 
first be concentrated here. Table 26 emphasizes that the reduction of 
sediment loss to the Pacific Ocean is far and away the most significant 
change resulting from the Cost/Sediment alternative for forest land. 
Sediment/Cost 
For purposes of comparison, the Sediment/Cost model is compared to 
the Minimum Sediment model. Once again there are several shifts among 
PA'S in terms of the acreage of commercial timber harvested. Table 27 
illustrates that FA's 10, 19, 44, 51, 70, and 94 all exhibit decreased 
acres harvested while PA's 2, 26, 58, 63, 66, and 96 all have an Increase 
In the number of acres harvested when compared to the Minimum Cost solu­
tion. At a PA level the largest harvest area reduction occurred In PA 44 
of the Lower Mississippi river basin. The largest area of increased har­
vest occurred in PA 26 of the Great Lakes basin, although in different 
river basins both PA 26 and 44 are In the North Central demand regions. 
The trade-offs between cost per acre, volume per acre, and sediment per 
acre of PA 26 must be more in line with both sediment and cost 
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minimization than PA 44. The new objective of cost minimization in 
addition to sediment minimization resulted in shifts away from PA 94 
toward PA 96 of the Northwest demand region. Tables 25 and 26 indicate 
that for total river basins and total discharges from the continental 
United States there is very little net difference between the Minimum 
Sediment and the Sediment/Cost solutions in terms of sediment movement. 
The harvested acreage shifts are very minimal between the Minimum 
Sediment alternative and the Sediment/Cost solution; the primary changes 
appear in the method of harvest. The Minimum Sediment alternative sup­
ported the most environmentally sensitive harvesting method, this re­
sulted in helicopter logging being implemented across the nation. The 
Sediment/Cost run, however, allowed a much higher degree of flexibility 
in terms of the optimal harvest method selected. It is evident that the 
one percent relaxation allowed in the sediment objective resulted in 
nationwide shifts. A very interesting result is apparent in the totals 
presented in Table 25 for the nation. The sediment difference between the 
Minimum Sediment and Sediment/Cost alternatives is 1.15 million tons of 
suspended sediment. This is a minimal increase In sediment, especially 
when it is realized that the extra 1.15 million tons of suspended sediment 
is associated with 1.48 billion dollars reduction in the total cost of 
harvest operations. 
The implications of this trade-off are staggering; each additional 
ton of sediment saved in the Minimum Sediment solution is at the cost of 
greater than a thousand dollars per ton. This certainly places emphasis 
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on the fact that extreme environmental policies come only at the sacrifice 
of a great many dollars. Surely there are more efficient ways of abating 
the additional tons of sediment than by mandating that helicopter logging 
be used as Is supported by the Minimum Sediment solution. It Is of fur­
ther Interest to note that all environmentally sensitive harvest methods 
enter the solution with the one percent relaxation of sediment as displayed 
in Table 27. Balloon logging exhibits the most extensive entry into the 
Sediment/Cost solution, thereby indicating that this method may be the 
best known satisfier for the goals of sediment and cost reduction. 
The only method which has been noticeably absent throughout this 
study is the conventional practice of tractor logging. The absence of 
tractor logging from the solutions geared toward cost minimization is 
probably due to the inclusion of road construction costs Into the opera­
tion costs of the harvest methods. The presence of roads in tractor 
logging also prohibits the method from being selected during the minimum 
sediment options. The reason for this is that the roads create extensive 
site disturbance and resultant sediment production even though tractor 
logging is usually conducted on the level forest land. 
Solution responsiveness 
The Sediment/Cost and Cost/Sediment alternatives add Increased 
information as to the nature of the trade-off between sediment and produc­
tion çostB, Figure 15 shows that the overall elasticity of the are beteeea 
the Minimum Sediment and Minimum Cost alternatives is approximately -.225 
indicating a very unresponsive or Inelastic relationship. Figure 15 
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provides greater insight as to the degree of trade-off for included arcs. 
The shift from to A^  has an arc elasticity of -8.013. This means that 
by increasing the cost of the harvest operations by one percent an eight 
percent reduction in sediment is possible. The arc elasticity between 
the Cost/Sediment and Sediment/Cost alternatives quickly moves back into 
the Inelastic zone with an elasticity of -.523. The elasticity between 
the Sediment/Cost and Minimum Sediment solutions is a very inelastic -.022 
Cost 
(billion dollars) 
6  . .  
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Scenario of alternative solutions Indicating a wide range in 
substitution between model outcomes 
The added information from these alternatives indicates that a very 
favorable trade-off may exist between 139,847 and 131,390 million tons of 
sediment for the nation's forests. However, the arc between 131,390 and 
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115,985 is probably a reasonable goal for the management of the forested 
land areas of the continental United States. If no forest harvesting 
was undertaken, the nation's 614 million acres of forest would still pro­
duce approximately 104 million tons of suspended sediment. The Minimum 
Cost alternative states that an additional 35 million tons of sediment 
will be produced if no environmentally sensitive logging operations are 
conducted. If all tractor logging were implemented the sediment production 
could increase exponentially if this were coupled with poor management. 
This leads to a goal of 115-125 million tons of sediment as a reasonable 
compromise position for the forest sector. 
The Forest and Agriculture Model Linkage 
The previous chapters and preceding section of this chapter present 
a general model framework and development of a separate forest model. The 
emphasis in the forest model is on transitions In activity methods, acre­
age patterns, and sediment production rates. Analysis of results is re-
pOîTwSd by hOmOgvMrSglCwS C«i Isd produdng MÏîd slow Sw 
tlons to the major river basins as well as a total summation to the national 
perspective. This structure affords several levels of comparisons in 
presenting results. 
The linkage of the forest sector to the agriculture model creates 
additional possibilities, for trade-offs between production and pollution. 
For purposes of further analysis, the combined model of agriculture and 
forestry will be reported at the river basin level of aggregation and 
nationally. Only the forest land component of the linked model solution 
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is reported by PA's. The PA level of reporting facilitates comparisons 
with the forest model as a separate entity. 
Agriculture Model Specifications 
The general structure of the agriculture model is presented in Chapter 
VII and implies that there are exogenously determined agricultural com­
modities as well as the 14 commodities endogenously determined and listed 
in Table 28. The livestock sector is exogenously determined for Inclusion 
in this study; detailed discussion of activity alternatives and coeffi­
cients is presented in Meister and Nicol [71]. Nitrogen fertilizer 
equivalent wastes are produced by all classes of livestock. These wastes 
are transferred to the model's nitrogen fertilizer balance system as 
potential inputs into the crop production system in nitrogen demand. This 
is available to the model as a fixed exogenous supply of nitrogen. 
The 14 endogenous crops certainly are not all inclusive of the range 
of possible outputs from the agriculture sector, certain other crops are 
domestic and export demands for exogenous crops are met by projecting 
yields of each crop and allocating the land, water, and nitrogen fertilizer 
required to produce these crops prior to model solution. These input 
withdrawals are extracted from each PA's resource base according to 
historic production patterns. 
The agriculture model utilizes the universal soil loss equation for 
determining the erosion occurring on cropland. There are two factors 
internal to the equation which refer to the tillage options and conservation 
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Table 28. Total acreage of major crops for the forest and agriculture 
model link alternatives 
Unrestricted 80% River Historic Forestry and 
Minimum Cost Basin Limit 80% River Basin Limit 
Commodity (000 acres) (000 acres) (000 acres) 
Barley 9563 10881 10881 
Corn Grain 65250 68596 68596 
Corn Silage 5799 8391 8391 
Cotton 8722 10604 10604 
Legume Hay 21558 26002 26002 
Nonlegume Hay 28193 30293 30293 
Fallow 30774 21360 21360 
Oats 15423 17316 17316 
Pasture 1978 2134 2134 
Sorghum Grain 16988 16834 16834 
Sorghum Silage 3637 926 926 
Soybeans 54377 54046 54046 
Sugar Beets 0 0 0 
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practices that are parameters selected by management decisions. Each 
crop is potentially formed by three levels of tillage technology. These 
are conventional tillage residue removed, conventional tillage residue 
left, and minimum tillage. The conventional tillage residue removed is 
usually associated with removing the plant matter as silage and then 
deep fall plowing. The conventional tillage residue left is associated 
with spring plowing which protects the soil mantle during the winter. 
The minimum tillage option is associated with environmentally consistent 
operations such as chiseling, which protects the soil profile and prevents 
potential erosion. 
Conservation practices also exist as management tools which contribute 
to soil mantle protection. The agriculture model has four conservation 
practices available: straight-row cropping, contour cropping, contour-
strip cropping, and terracing. The conservation treatment is a function 
of the slope of the land being treated and the practice chosen. The fac­
tor has a value from 0 to 1.0 reflecting the percent decrease in erosion 
resulting from the various practices. 
Alternatives Analyzed 
The general objective behind the linkage of the established 
agriculture model and the newly developed forest model is to determine 
the extent of trade-off between the two sectors with respect to production 
patterns and pollution. Cropland and forest land contribute to the prob­
lem of nonpoint pollution in the nation's public waterways. The potential 
for trade-off exists between the forest and agriculture sectors when 
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restrictions are placed upon the sediment levels of the river system. 
Previous analysis of this nature was conducted with only the agriculture 
sector and the shifts were toward more environmentally sensitive activi­
ties when the restrictions were imposed. In several of the river basins 
agriculture constitutes less than 15 percent ofthe land area. Therefore, 
the addition of the forest land as endogenous activities provides greater 
model flexibility and a mechanism for expanded internal control of the 
nonpoint sources of sediment produced across the nation. The intent of 
the linkage is to determine if forestry and(or) agriculture activities 
shift in response to the Imposed restrictions. 
The linkage between the agriculture and forestry models is simulated 
with three solutions: an unrestricted alternative, an 80 percent river 
basin restriction alternative, and an alternative incorporating the his­
toric pattern of forest harvest practices. The objective is to analyze 
trade-offs between the forest and agriculture sectors, therefore, each 
solution utilizes the same assumptions for the population, demand and 
export levels for the agriculture» and forestry models in the year 1985. 
Moderate levels are selected for each of these parameters. 
The unrestricted alternative is misleading in that there are 
restrictions imposed upon the cropping patterns throughout the continental 
United States for the agriculture sector. The unrestricted title refers 
only tp the absence of restrictions for sadimsnt production and transport. 
The objective Is to minimize the cost of producing the desired mix of 
commodities by optimizing the spatial positions of the production activity. 
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The optimization process yields production patterns for agriculture and 
forestry that satisfy the demand levels subject to historic agriculture 
cropping patterns and the moderate fixed demands. The suspended sediment 
levels that are generated are not restricted in any manner except that 
the suspended sediment levels must adhere to the physical patterns of the 
river basin's hydrology. 
The 80 Percent River Basin Restriction alternative is designed to 
determine the optimal mix of forestry and agricultural activities that 
concurrently meet the national demands for forest and agricultural products 
as well as satisfying the environmental restrictions imposed for the river 
basins. This solution is undertaken to determine the degree of trade-off 
between the nonpoint sources of suspended sediment. Will the 80 percent 
restriction he met by changes in cropping patterns within agriculture or 
changes in harvest patterns within forestry or some combination of both? 
The objective is still to minimize the production costs for forestry and 
agriculture, but now this must be achieved with reduced sediment levels 
produced. 
The historic pattern of forestry practices is interjected into the 
solution outcome. This restriction for the forest sector simulates the 
cropping pattern restriction for the agricultural sector in that 75 per­
cent of historic methods of forest harvesting is exogenously determined 
for each PA. The Intent of this solution is to determine if additional 
restrictions on the forest sector alone will cause shifts in the agricul­
ture sector. The historic pattern of harvest methods produces higher 
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sediment levels and these higher levels may be counteracted by shifts 
to more conservative agricultural practices or movements within the 
forest sector alone. 
Unrestricted Alternative 
The unrestricted alternative simulates a normative position of both 
the forest and agricultural land areas In the sense that no restrictions 
are placed upon sediment production, delivery, or transport. The unre­
stricted alternative determines the optimal activities and their spatial 
locations for the objective of minimum cost. The river network simply 
functions as a receiver of the residuals produced during the production 
activities of both the forest and agriculture sectors. No restriction is 
placed on the amount of suspended sediment that is permitted to move 
through the nation's public waterways. The Minimum Cost solution ob­
tained then acts as the base of comparison for the other alternatives. 
It is during the Initial solution that any inconsistencies between the 
two sectors are alleviated and the model is operationalized. 
Combining the sectors Increases the Internal model capability and 
also expands the range of outcome possibilities. There now exists the 
spectrum of agricultural commodities, their respective conservation and 
tillage practices, alternative land classes, as well as the spatial ad­
vantages between producing areas. These options interact to influence 
the delivery of suspended sediment to the public waterways. The results 
of crop acreages, commodity types, conservation practices, tillage 
practices, and land classes are discussed as they influence the production 
of suspended sediment from the agriculture sector. 
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The acreage of the major crops produced in the continental United 
States under the minimum cost objective is presented in Table 28. The 
table simply presents the individual commodities that are endogenously 
determined within the model and their respective acres for the nation. 
The commodity production pattern is influenced by resource availability, 
national demand levels, and historic patterns of productivity. The solu­
tion has no restrictions with respect to the sediment levels produced. 
It is evident that the unrestricted solution has fewer acres of commodity 
production than the 80 Percent River Basin Limit alternative. 
At first glance, this result appears quite contrary to logic. A 
restriction on sediment production increases the acreage of agricultural 
commodities produced which are the worst nonpolnt offenders per acre. 
The unrestricted solution allows high yielding but highly erosive lands 
to be used, hence, fewer acres are needed to meet commodity demands. The 
transition is away from increased productivity on the intensive margin 
and toward the extensive usage of additional acres. By changing the con­
servation and tillage practices to those activities that are more environ­
mentally sensitive, the yield per acre decreases. Additional acres of 
lower land classes are brought into the solution to meet the fixed national 
demands. The possibility also exists to switch to forest harvest practices 
that cause less disturbance to the soil mantle or changing the spatial 
position of forest harvest» The analysis is eoriducted to determine the 
magnitude and extent of Impacts within agriculture and between the forest 
âiid ageleulture Nêctors. 
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A more detailed examination of the agricultural commodity 
production patterns is in order to help determine the cause of such a 
major shift. Examination of the commodities at a river basin level aids 
in the detection of localized production pattern changes. The agricultural 
commodities are aggregated to major crop types such as row crops, close-
grown crops, hay crops, and fallow. These commodity categories differ­
entiate between crops according to erosion potential; the greater the 
exposure of the soil to the climatic elements the greater the erosion 
potential. Row crops are typically associated with a high erosion poten­
tial. Close-grown crops have a much lower potential for erosion with hay 
and fallow land respectively less. 
Table 29 displays the aggregation to the major crop types and the 
acreage disaggregation to the river basins for the unrestricted Minimum 
Cost alternative. At the onset, it is observed that 48 percent of the 
agriculture land area in production for the unrestricted alternative is 
In row crops. Close-grown, hay crops and summer fallow have 28, 15, and 
9 percent, respectively. The —etcrial displayed in Table 29 provides s 
good base for comparison with the alternative solutions; the composition 
of the major crop types are Indicated for each river basin. The manner 
in which these composition percentages change will provide a great deal 
of insight into the trade-off pattern within agricultural crop types. 
Breakdown to river basins represent the spatial movements according to 
comparative advantages between the basins. 
Further detail of the conservation and tillage practices is necessary 
to explain the increased acreage suggested by the restricted solution. 
Movements toward conservation practices of terracing, strip-cropping, and 
Table 29. Cropland use by crop type by river basin for the unrestricted minimum cost alternative 
Row Crop* Close Grown Crops^  All Hay Crops^  Summer Fallow 
Acreage Acreage Acreage Acreage 
(000 Percent (000 Percent (000 Percent (000 Percent 
River Basin acres) of TotJil acres) of Total acres) of Total acres) of Total 
New England 182 15 76 6 987 79 0 0 
Mid Atlantic 2384 28 2888 34 3221 38 0 0 
S. Atlantic-Gulf 8852 46 8978 46 1526 8 0 0 
Great Lakes 16563 77 1458 7 3424 16 0 0 
Ohio 20884 73 3156 11 4561 16 0 0 
Tennessee 2588 93 145 5 41 2 0 0 
Upper Mississippi 43593 74 6214 10 9360 16 0 0 
Lower laississippi 4986 27 11072 60 2276 13 0 0 
Sour i s-Red-Rainy 303 2 10496 66 0 0 5174 32 
Missouri 24560 33 22574 31 11306 15 15527 21 
Ark. -White-Red 18055 48 10901 29 4475 12 3924 11 
Texas-Gulf 8362 63 2120 16 1808 14 979 7 
Rio Grande 1030 72 72 5 324 23 0 0 
Upper Colorado 244 26 320 34 254 27 122 13 
Lower (Colorado 209 31 107 16 309 46 51 7 
Great Basin 0 0 367 28.5 793 61.5 131 10 
Col.-N. Pacific 808 6 6083 42 2871 20 4690 32 
Califoirnia 1145 19 2394 41 2199 37 172 3 
U.S. Total^  154773 48 89440 28 49751 15 30774 9 
l^ow Crops are corn, cotton, sorghum, soybeans, and sugar beets. 
G^lose grown crops are barley, oats, and wheat. 
*^ A11 hay crops are rotation legume and nonlegume hays. 
"^ Totals may not add because of computer rounding. 
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contour cropping are movements away from straight-row cropping and are 
related to reductions In the level of residuals generated. But these 
changes In conservation techniques are associated with reduced yields, 
thus requiring additional acreage harvested to meet national commodity 
demands. 
Three tillage options are possible for each type of conservation 
practice; these tillage practices are conventional tillage with residue 
removed, conventional tillage with residue left in the field, and a re­
duced tillage possibility. The combination of conservation and tillage 
practices constitute a maximum of 12 management options for each agricul­
tural commodity. Table 30 presents the 12 management options in terms 
of the.acres actually Implemented in the unrestricted minimum cost solu­
tion. Table 30 is a national aggregation of acres across PA's, land 
classes, and commodities. The sediment produced per acre is a maximum 
with straight-row farming and residue removed in the fall with conventional 
tillage. The sediment level produced progressively reduces from option 
to option until a minimum with terraces and reduced tillage is reached. 
It is expected a priori that the river basin restrictions will change 
not only the acreage of agricultural land, the commodity mix, and the 
spatial location, but also there is an expected movement toward the more 
environmentally oriented conservation and tillage practices. To closely 
approximate the spatial movements of the conservation practice patterns. 
Table 31 depicts the conservation practice patterns for each of the major 
river basins in the United States. The sediment produced by the total 
practice for the river basin is also presented in this table. The river 
Table 30. National total acres and percent of total available cropland in conservation and tillage 
treatments for the forest and agriculture model link alternative 
Unrestricted 80% River Historic Forestry and 
Minimum Cost Basin Limit 80% River Basin Limit 
Land Use (000 acres) Percent (000 acres) Percent (000 acres) Percent 
Straight Row y 103559 26.2 81350 20.6 81350 20.6 
Coia. Til. Residue Removed 25433 6.4 18054 4.6 18054 4.6 
Coin. Til. Residue Left 44819 11.3 30026 7.6 30026 7.6 
Reduced Tillage 33307 8.4 33270 8.4 33270 8.4 
Contenir Cropping^  164685 41.7 170694 43.3 170694 43.3 
Con. Til. Residue Removed 19566 5.0 19133 4.8 19133 4.8 
Com. Til. Residue Left 72314 18.3 85736 21.7 85736 21.7 
Reduced Tillage 72805 18.4 65825 16.7 65825 16.7 
Strip Cropping^  35245 8.9 25656 6.5 25656 6.5 
Con. Til. Residue Removed 6919 1.7 5350 1.4 5350 1.4 
COB. Til. Residue Left 6792 1.7 4756 . 1.2 4756 1.2 
Reduced Tillage 21534 5.4 15550 3.9 15550 3.9 
Terracing® 21249 5.4 59337 15.0 59337 15.0 
Con. Til. Residue Removed 237 .1 8266 2.1 8266 2.1 
Con. Til. Residue Left 20499 5.2 41487 10.5 41487 10.5 
Reduced Tillage 477 .1 9584 2.4 9584 2.4 
Total Cropland^  324738 82.3 337037 85.4 337037 85.4 
totals may not add because of computer rounding, 
b^on. Til. is an abbreviation i:or conventional tillage. 
Table 31. Total cropland and sediment loss by conservation practice and 
river basin for the Unrestricted Minimum Cost and 80 Percent 
River Basin Restriction alternatives 
Unrestricted Minimum Cost 
Straight Contour 
River Basin Row Farming Strip-cropping Terraces 
New England 
Acreage (000 acres) 338 
Sediment (000 tons) 1461 
Mid Atlantic 
Acreage (000 acres) 2618 
Sediment (000 tons) 29449 
S. Atlantic-Gulf 
Acreage (000 acres) 9146 
Sediment (000 tons) 114173 
Great Lakes 
Acreage (000 acres) 4554 
Sediment (000 tons) 11985 
Ohio 
Acreage (000 acres) 7879 
Sediment (000 tons) 51288 
Tennessee 
Acreage (000 acres) 605 
Sediment (000 tons) 3701 
Upper Mississippi 
Acreage (000 acres) 18951 
Sediment (000 tons) 186178 
Lower Mississippi 
Acreage (000 acres) 7931 
Sediment (000 tons) 91730 
SourIs-Red-Rainy 
Acreage (000 acres) 1212 
Sediment (000 tons) 3359 
Missouri 
Acreage (000 acres) 17181 
Sediment (000 tons) 231695 
Ark.-white-Red 
Acreage (000 acres) 7906 
Sediment (000 tons) 53727 
719 187 0 
322 325 0 
5019 806 48 
9659 4965 5 
7718 2476 0 
50896 14848 0 
14556 2335 0 
21430 6964 0 
16737 3850 136 
60513 31073 47 
1436 441 292 
13289 4938 330 
31825 8393 0 
98817 65701 0 
9513 519 372 
75356 2203 822 
14760 0 0 
12398 0 0 
38065 10209 8513 
90310 46700 2487 
17387 1402 10661 
68050 2509 5866 
aight 
456 
3432 
1914 
17816 
2413 
15561 
4066 
7568 
7816 
38298 
1131 
12314 
17409 
.30415 
6929 
70142 
1212 
1183 
14346 
80603 
6920 
30861 
180 
80 Percent River Basin Restriction 
Contour Farming Strip-cropping Terraces 
720 72 0 
132 54 0 
4379 531 792 
7350 4410 538 
7707 778 1738 
45325 11922 4687 
13193 805 1442 
17718 782 876 
16737 2290 2405 
61358 9172 6579 
1436 0 836 
10165 0 3835 
31825 6861 5079 
123251 40084 7453 
10718 235 1107 
83995 2044 1987 
14760 0 2168 
10316 0 522 
42392 8544 24045 
97210 22117 19243 
18029 1402 12220 
70864 2509 6765 
Table 31. (Continued) 
Unrestricted Mimlnum Cost 
River Basin 
Straight Contour 
Row Farming Strip-cropping Terraces 
Texas-Gulf 
Acreage (000 acres) 
Sediment (000 tons) 
Rio Grande 
Acreage (000 acres) 
Sediment (000 tons) 
Upper Colorado 
Acreage (000 acres) 
Sediment (000 tons) 
Lower Colorado 
Acreage (000 acres) 
Sediment (000 tons) 
Great Basin 
Acreage (000 acres) 
Sediment (000 tons) 
Col.-N. Pacific 
Acreage (000 acres) 
Sediment (000 tons) 
California 
Acreage (000 acres) 
Sediment (000 tons) 
9813 
142830 
1063 
5520 
438 
570 
576 
255 
684 
1250 
7288 
18319 
5340 
3375 
2235 
9032 
365 
420 
504 
1029 
102 
51 
607 
595 
2870 
2422 
250 
91 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
4296 
17436 
322 
111 
12225 
282 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
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80 Percent River Basin Restriction 
Straight Row Contour Farming Strip-cropping Terraces 
6961 
76834 
3950 
19266 
0 
0 
6529 
5115 
8132 
3564 
424 
277 
0 
0 
27 
12 
740 
1623 
5 
24 
0 
0 
18 
22 
278 
55 
0 
0 
0 
0 
0 
0 
369 
186 
51 
51 
0 
0 
243 
60 
5166 
8378 
4198 
2010 
4130 
12232 
646 
196 
2026 
1302 
155 
54 
0 
0 
0 
0 
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basin shifts may then be easily noted for each conservation practice 
option between model solutions. As expected. Table 31 indicates that the 
unrestricted solution has a large amount of the commodities being produced 
with straight-row farming practices. 
The Forest Sector of Unrestricted Solution 
Linkage of the agriculture and forest land adds increased depth in 
understanding the basic sources of nonpoint sediment pollution. Agricul­
ture is the largest sediment contributor per acre and forest land occupies 
the largest number of acres. The linkage of the unrestricted alternative 
produced few changes in the forest sector from the Minimum Cost solution 
presented in Tables 23 and 24 when the forest model was run as a separate 
entity. This is a very positive feedback in assuring that the proper 
linkage was completed. The area of trade-off is via the delivery and 
transport mechanism and if no restrictions are imposed on this mechanism 
then few changes should be recorded in the sector. 
There wars scma acreage shift» with the linkage between the forest, 
and agriculture sectors; Initially it was suspected that an error in logic 
or data transformation was responsible for the deviation from the expected 
theoretical equality. But further searching yielded the fact that the 
minimum cost objective value for the separate forest model is equal to 
the minimum cost of the unrestricted solution objective value for the forest 
sector component of the linked forest and agriculture model. This implies 
that a dual optima exists for the spatial location of the forest harvest­
ing activities. Such a dual optima might suggest that another solution 
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of sediment minimization subject to the minimum cost activity level may 
yield a pareto optimum movement toward cost and sediment minimization 
for the nation. 
The minimum base has now been presented, static comparisons may tlicn 
be initiated for alternative model solutions simulating policy goals and 
environmental standards. Relative comparisons will be conducted for an 
80 percent river basin restriction and also for the 80 percent restriction 
with the historical patterns of forest activities determined exogenously. 
The 80 Percent River Basin Restriction 
The implementation of the river basin restriction is an attempt to 
discover the optimal forest and agriculture production portfolio that can 
meet national demands but with the minimum negative impact on the environ­
ment. The 80 Percent River Basin alternative places emphasis on environ­
mental considerations by requiring the sediment leaving the river basins 
of the continental United States to be reduced to 80 percent of the 
unrestricted totals. 
The river basins are a logical accounting unit for the physical 
scientist Interested In water hydrology. It is a complete system by it­
self and exogenous shocks to the system interact with all internal 
components. An economist is impressed by the closed nature of the system 
with only the one exit position, homogeneity within the basin, and 
interdependence of the smaller subset units — all qualities which lend 
themselves to representative model construction. The 80 Percent River 
Basin Restriction simulates environmental policy that is uniformly 
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administered across the United States, but with each basin being allowed 
to accomplish the necessary changes depending upon its own unique 
characteristics. 
The 80 percent restriction is imposed upon the suspended sediment 
levels that move through each major river basin for the Unrestricted 
Minimum Cost solution. From a modeling viewpoint, this is achieved by 
a less than right-hand side on the sediment row of the last PA in the 
basin. The level of the rhs is established as 80 percent of the total 
sediment that moved out of the basin in the Initial Unrestricted Minimum 
Cost solution. The sediment flowing past the basin exit point is a sum­
mation of the sediment produced in the PA and that transported through 
the upstream PA's. The results of a policy of this nature are compared 
to the Unrestricted Minimum Cost solution and are reported first for the 
agriculture sector changes and then for the forest sector shifts. 
Agriculture changes with 80 percent 
restriction 
The acreage changes for the agricultural commodities have previously 
been alluded to in the discussion on the minimum cost bases. It is inter­
esting to note that only two of the major commodity acreages did not 
Increase or stay approximately constant as shown in Table 27. The fallow 
lands would be expected to decrease simply because of the entry into pro­
duction of additional acreages of the other commodities but the sorghum 
silage reduction may be the result of a shift toward corn silage becuase 
of the erosive nature of sorghum silage and the general movement away 
from conventional tillage practices which remove the residue. The residue 
removal is the source of the sorghum silage. 
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A comparison of Tables 29 and 32 allow an in-depth look into the 
transitions of the major crop types for the river basins. It is first 
apparent that the 80 percent limit results in slightly decreased row crops 
and summer fallow for the nation but the more interesting shifts are in 
the individual river basins. The Missouri river basin is the only basin 
that experiences an Increase in row crops; it also has an increase in 
close-grown crops but a decrease in fallow land. The Texas Gulf is the 
only basin that records a decrease in hay crops; it also decreases row 
and fallow crops with close-grown increasing. The Souris-Red-Rainy was 
the only basin tn increase its acres of fallow land; this was done at the 
expense of row crops in the area. Close-grown crops in the basins seem 
to shift in eithe-r direction. The Mid-Atlantic, Upper Colorado, Lower 
Colorado, and California basins all decrease close-grown as well as row 
crops and fallow; the increases in these basins all come in the form of 
increased hay crops. The New England, Ohio, Upper Mississippi, Lower 
Mississippi, and Arkansas-White-Red, all remained unaffected in terms 
of the crop type changes. 
It is difficult to select any strong patterns from the river basins 
except that the basins that experienced the greatest reduction in row 
crops are all located in the South, these basins are the South Atlantic 
Gulf, Tennessee, Rio Grande, Lower Colorado, and California. It might 
then be Inferred that the erosion potential for agriculture cropland is 
the greatest in the southern portion of the United States, 
The decision variable of which crop type to plant in order to meet 
production requirements and stay within environmental limits has been 
Table 32. Cropland use by crop type by river basin for the 80 Percent River Basin Restriction 
Row Crop^  Close Grown Crops All Hay Crops^  Summer Fallow 
Acreage Acreage Acreage Acreage 
(000 Percent (000 Percent (000 Percent (000 Percent 
River Basiti acres) of Total acres) of Total acres) of Total acres) of Total 
New England 200 16 62 5 987 79 0 0 
Mid Atlantic 2309 30 1366 18 3943 52 0 0 
S. Atlantic-Gulf 3956 31 6285 50 2397 19 0 0 
Great 'Lakes 13789 71 2605 13 3110 16 0 0 
Ohio 21222 72 3468 12 4606 16 0 0 
Tennessee 2483 72.5 150 4.5 797 23 0 0 
Upper Mssissippi 47259 77 5582 9 8333 14 0 0 
Lower Mississippi 5236 28 12220 64 1532 8 0 0 
SourIs-Red-Rainy 0 0 11848 65.5 2947 16 3345 18.5 
Missouri 32245 36 31165 35 13243 15 12674 14 
Ark.-White-Red 19123 50 11250 29 4766 12 3434 9 
Texas-Gulf 10259 59 4948 28 1991 11.5 240 1.5 
Rio Grande 832 53 236 15 513 32 0 0 
Upper Colorado 111 14.5 210 27.5 441 58 0 0 
Lower Colorado 17 6 0 0 260 94 0 0 
Great Basin 0 0 110 17 553 83 0 0 
Col.-N. Pacific 216 2 8378 59 3879 27 1665 12 
California 116 5 81 4 1982 91 0 0 
U.S. Total^  159397 47 99985 30 56295 17 21360 6 
Row Crops are corn, cotton, sorghum, soybeans, and sugar beets. 
Close grown crops are barley, oats, and wheat. 
Q 
All hay crops are rotation legume and nonlegume hays. 
Totals may not add because of computer rounding. 
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discussed. The generalized result of shifts away from row crops to crop 
types that are more protective of the soil mantle is evident. Fallow 
lands decrease but this is the result of reduced yields of the major com­
modities when more erosion control conservation and tillage practices 
are implemented. National shifts will be examined for the conservation 
and tillage practices to ascertain if this is indeed the case. 
Table 30 illustrates the general pattern of conservation and tillage 
practices for the contiguous U.S. cropland by model solution. Table 30 
presents the acres of the four conservation practices and the three til­
lage practice options. The percentage displayed is the percent of the 
total cropland in production for the specific solution. Therefore, the 
percent of straight-row acres for the 80 percent solution is a percentage 
of the increased acres of that solution and not a percent of the total 
available in the nation. As mentioned, the acreage in the 80 Percent 
River Basin Restriction solution did increase to 85.4 percent of the 
available cropland in the United States as compared to the 82.3 percent 
used in the Minimum Cost Unrestricted alternative. This constitutes a 
movement away from the intensive margin of agriculture to the extensive 
margin of additional land areas. The national movements in acres are 
away from straight-row and strip-cropping toward contour cropping and 
terracing. 
Within the straight-row conservation treatment the major reductions 
between solutions are in the conventional tillage practices; reduced til­
lage holds its ground because of its protection of the soil mantle relative 
to the other tillage options for straight-row conservation practices. 
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Although contour cropping in total makes a slight gain in acres this is 
due solely to the large increase in conventional tillage with the residue 
left in the fields. Contouring with residue left is a compromising prac­
tice of maintaining yields and reducing sedimentation which is probably 
responsible for its marked increase. Strip-cropping and all its tillage 
practices take an across-the-board decrease; this is probably a result 
of the large increase in terracing. Terracing increases across-the-
board for all its tillage practices. The terracing is probably undertaken 
on the more erosive sites that were previously strip-cropped, or were 
fallow and in lower land classes. 
The transition in the conservation practices by river basin should 
shed additional light on the Interbasln changes in farming practices. 
Table 31 presents the acres and sediment loss by conservation practice 
for the 18 major river basins. A synopsis will be undertaken here to 
provide an illustration of the nature of the shifts suggested by the 80 
Percent River Basin Restriction. 
The joint presentation of acres and sediment provides an idea of the 
shifts not only In exact acreages for each conservation practice, but 
also it implicitly hints at more subtle movements between model solutions. 
The Ohio basin, as Indicated in Table 31, affords an example of the implicit 
movements; the acres of straight-row conservation practices remain rela­
tively constant but the reduction in sediment loss suggests a substantial 
change. The most plausible explanation comes from changes to close-grown 
crops or changes in tillage practices on the acres. Movements toward 
more soil protective options for the same acres could account for the 
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reduced sediment. Other explanations could be that the row crops were 
produced on the more, stable land classes in the restrictive model or 
shifts were made to those PA's within the basin that demonstrate a com­
parative advantage with respect to sediment production. Table 31 indicates 
that many of these subtle changes are occurring within the river basins. 
Table 33 displays the shadow prices for the endogenous crops of the 
agriculture sector for the Unrestricted Minimum Cost basis and the 80 
Percent River Basin Restriction alternative. The purpose is not to pre­
sent the absolute magnitudes of the prices but rather to look at the rela­
tive trend in prices caused by the restrictions placed on the river 
network of the continental United States. 
Table 33. Average shadow prices for endogenous crops in the continental 
United States for the agriculture sector of the Unrestricted 
Minimum Cost and 80 Percent River Basin Restriction alternatives 
in 1985 
Endogenous unLt Unrestricted - ,^ i},j,P;8rcent Percent 
Commodity Minimum Cost River Basin Change 
Restriction 
(in dollars) (percent) 
Corn bu. 1. 49 2. 33 +56 
Sorghum bu. 1. ,40 1. 70 +21 
Barley bu. 1. ,32 1. 96 +48 
Oats bu. 1. ,01 80 -21 
Wheat bu. 2. ,11 3. 36 +59 
Oilmeals cwt. 7. 01 5. 43 -22 
Legume Hay tons 37. 47 45. 66 +22 
Nonlegume Hay tons 44, .90 46. 00 + 2 
Silage tons 9, .94 14. 42 +45 
Pasture tons 39, .95 50. 77 +27 
Cotton bales 143, .74 176. 18 +23 
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As expected, the price of corn increases as production is shifted 
toward the extensive margin of production. This shift is also reflected 
in increases of other row crops such as sorghum and cotton. Silage would 
be expected to increase in price due to the movement toward leaving the 
residue in the field which decreases the silage supply. The more diffi­
cult price trends to explain are exhibited by the close-grown crops of 
barley, oats, and wheat. Barley and wheat prices increase markedly while 
the price of oats falls. This must reflect the comparative advantage of 
oats for soil protection. The only other commodity that experiences a 
trend of decreasing price under the restricted solution is oilmeals. Oil-
meals are derived primarily from soybeans and cotton seeds. The acreage of 
cotton increased markedly with the imposed river basin restriction. This 
increased supply would be the determining factor for the decrease in oilmeal 
prices. 
The forest sector with 80 percent 
restriction 
The 50 Percent River Basin limit results in some major movements in 
the production patterns of the agriculture sector of the forest and agri­
culture model. There are shifts away from intensive culture of few acres 
toward operating on extensive land areas with more environmentally sen­
sitive cropping and tillage practices. The forest sector also cxporicncc.s 
some major changes toward environmentally sensitive harvest practices. 
The Minimum Cost alternative for the forest model closely parallels 
the Unrestricted Minimum Cost solution of the combined forest and agri­
culture model. The parallel nature will allow comparisons of the solution 
for the forest sector of the linked model with the forest sector as a 
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separate model. Initially, comparisons will be made between the 
Unrestricted Minimum Cost solution and the 80 Percent River Basin Restric­
tion alternative. The changes for the forest sector are analyzed at the 
PA level and displayed in Table 34. The forest sector outcome for the 
harvest method and commercial acres harvested for the 80 Percent River 
Basin Restriction are presented in Table 34. The PA level of comparison 
is selected for the forest sector of the linked model because the forest 
sector is not nearly as detailed and this will facilitate comparison 
with the separate forest model. A general result is that there are both 
acreage and harvest method changes exhibited between the two solutions. 
Analysis at the PA level allows the differences in acres and method 
of harvested to be determined. The first striking difference is apparent 
in the method of forest harvest. The 80 Percent River Basin Restriction 
indicates that 36 PA's shift from the high lead of the Unrestricted 
Minimum Cost alternative to helicopter logging and 3 PA's to skyline log­
ging. One basic fact becomes evident; the river basins with the greatest 
portion of agriculture acres such as the Ohio, Upper Mississippi, Lower 
Mississippi, Souris-Red-Rainy, Missouri, Arkansas-White-Red, Texas Gulf, 
and Rio Grande have little or no shifts toward more environmentally sen­
sitive harvest methods. This would be due to relatively smaller numbers 
of forested acres located in these basins and also to the shifts toward 
environmental protection undertaken in the agriculture sector of the model. 
The river basins with the greatest shift toward conservative harvest 
technology were all in the southern portion of the United States—the 
California South Pacific, the Great Basin, £he Lower Colorado, and the 
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Table 34. Forest acreage and method of harvest by PA for the model 
alternatives when the forest and agriculture sectors 
are linked into one comprehensive model 
80% River 80% Restriction 
Basin Restriction plus Historic Pattern 
Commercial Commercial 
Method Acres Method Acres 
PA of Harvest Harvested of Harvest Harvested 
1 Helicopter 197500 Tractor 
Helicopter 
148125 
49375 
2 Helicopter 8093 Tractor 11965 
3 Helicopter 24712 Tractor 
Helicopter 
18534 
6178 
4 None 0 None 0 
5 Helicopter 74550 Tractor Helicopter 
55912 
18638 
6 None 0 None 0 
7 Helicopter 57775 Tractor 
Helicopter 
43331 
14444 
8 Skyline 7900 Skyline 
Helicopter 
5114 
2786 
9 Helicopter 54238 Tractor Helicopter 
40678 
13560 
10 Helicopter 127400 Tractor Helicopter 
95550 
31850 
11 Helicopter 134326 Tractor Helicopter 
100744 
33582 
12 None 0 None 0 
13 None 0 None 0 
14 Highlead 209275 Tractor Highlead 
210370 
75018 
15 Helicopter 332882 Tractor Helicopter 
249662 
83221 
16 Helicopter 240825 
Tractor 
Helicopter 
180619 
60206 
17 Helicopter 36050 
Tractor 
Helicopter 
27038 
9012 
18 Helicopter 220259 Tractor Helicopter 
165194 
55065 
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Table 34. (Continued) 
80% River 80% Restriction 
Basin Restriction plus Historic Pattern 
Commercial Commercial 
Method Acres Method Acres 
PA of Harvest Harvested of Harvest Harvested 
19 Helicopter 282088 
Tractor 
Helicopter 
211566 
70522 
20 None 0 None 0 
21 Helicopter 176238 Tractor Helicopter 
132178 
44060 
22 Helicopter 110644 Tractor 82983 
23 Hlghlead 72387 
Tractor 
Highlead 
54290 
18097 
24 Highlead 3788 
Tractor 
Highlead 
2841 
947 
25 Hlghlead 80500 Tractor 
Highlead 
60375 
20125 
26 Helicopter 50900 
Tractor 
Helicopter 
38175 
12725 
27 Hlghlead 13650 
Tractor 
Highlead 
10238 
3412 
28 Highlead 22737 
Tractor 
Hlghlead 
17053 
1426 
29 None 0 None 0 
30 Highlead 82612 Tractor 
Highlead 
61959 
20653 
31 Highlead 125275 
Tractor 
Highlead 
93956 
31319 
32 None 0 None 0 
33 Helicopter 89665 Helicopter 89665 
34 Highlead 98800 
Tractor 
Hlghlead 
74100 
24700 
35 Highlead 40775 
Tractor 
Highlead 
30581 
10194 
36 Helicopter 88765 Tractor Helicopter 
66574 
22191 
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Table 34» (Continued) 
80% River 80% Restriction 
Basin Restriction plus Historic Pattern 
Commercial Commercial 
Method Acres Method Acres 
PA of Harvest Harvested of Harvest Harvested 
37 Highlead 145013 Tractor 
Highlead 
108760 
36253 
38 Highlead 84221 Tractor 
Highlead 
63166 
21055 
39 Highlead 89475 Tractor 
Highlead 
67106 
21055 
40 None 0 None 0 
41 Highlead 25262 Tractor 
Highlead 
18946 
6316 
42 Highlead 21412 Tractor 
Highlead 
16059 
5353 
43 None 0 None 0 
44 Highlead 74417 Tractor Highlead 
55813 
18604 
45 Highlead 402534 Tractor 
Highlead 
301900 
100634 
46 Highlead 157825 Tractor 
Highlead 
118369 
37882 
47 65737 Tractor 
Highlead 
Tractor 
49303 
16434 
465 
48 Highlead 1675 Highlead Skyline 
Helicopter 
Tractor 
795 
377 
38 
4589 
49 Highlead 16537 Highlead Skyline 
Helicopter 
Tractor 
7855 
3712 
372 
1710 
50 Highlead 6163 Highlead Skyline 
Helicopter 
2927 
1387 
139 
51 None 0 Tractor 22937 
52 None 0 None 0 
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Table 34. (Continued) 
80% River 
Basin Restriction 
Commercial 
Method Acres 
PA of Harvest Harvested 
80% Restriction 
plus Historic Pattern 
Commercial 
Method Acres 
of Harvest Harvested 
53 Hlghlead 1975 Tractor 
Hlghlead 
1481 
494 
54 Hlghlead 37762 
Tractor 
Hlghlead 
Skyline 
26905 
10149 
708 
55 Hlghlead 6675 
Tractor 
Hlghlead 
Skyline 
4756 
1794 
125 
56 Hlghlead 925 
Tractor 
Hlghlead 
Skyline 
659 
249 
17 
57 Hlghlead 6250 
Tractor 
Hlghlead 
Skyline 
4453 
1680 
117 
58 Hlghlead 1862 
Tractor 
Hlghlead 
Skyline 
1327 
500 
35 
59 Skyline 4662 
Tractor 
Hlghlead 
Skyline 
3322 
87 
87 
60 None 0 Balloon 61475 
61 None 0 Skyline 220 
62 Hlghlead 14450 
Tractor 
Hlghlead 
Skyline 
10296 
3883 
271 
63 Hlghlead 2037 
Tractor 
Hlghlead 
Skyline 
1451 
548 
38 
64 Hlghlead 106660 Tractor Hlghlead 
79995 
26665 
65 Hlghlead 9887 
Tractor 
Hlghlead 
Skyline 
7044 
2658 
185 
66 Hlghlead 6794 Tractor 
Hlghlead 
5096 
1698 
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Table 34. (Continued) 
80% River 80% Restriction 
Basin Restriction plus Historic Pattern 
Commercial Commercial 
Method Acres Method Acres 
PA of Harvest Harvested of Harvest Harvested 
67 None 0 None 0 
68 Helicopter 2789 Helicopter 2789 
69 Highlead 165095 
Tractor 
Highlead 
123821 
41274 
70 Helicopter 29843 Tractor 31621 
71 Highlead 92637 Tractor Highlead 
69478 
23159 
72 None 0 None 0 
73 Highlead 6431 
Tractor 
Highlead 
4823 
1608 
74 None 0 None 0 
75 Highlead 1650 Tractor Highlead 
1238 
412 
76 Highlead 1593 Tractor Highlead 
1195 
398 
77 Highlead 14300 
Tractor 
Highlead 
10618 
3682 
78 Helicopter 41000 Helicopter 41000 
79 Skyline 625 Skyline 
Tractor 
625 
3100 
80 Highlead 4175 Highlead 
Skyline 
1059 
16 
81 None 0 None 
Tractor 
0 
14553 
82 Helicopter 23379 Highlead Skyline 
Helicopter 
Tractor 
526 
526 
7774 
22530 
83 Highlead 36198 
Highlead 
Skyline 
Helicopter 
9863 
814 
2986 
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Table 34. (Continued) 
80% River 
Basin Restriction 
80% Restriction 
plus Histotfie Pattern 
Method 
PA of Harvest 
Commercial 
Acres 
Harvested 
Method 
Commercial 
Acres 
of Harvest Harvested 
Tractor 14683 
Highlead 74 
Skyline 74 
Helicopter 2986 
Tractor 11750 
Highlead 59 
Skyline 59 
Helicopter 3957 
Tractor 9828 
Highlead 50 
Skyline 50 
Helicopter 3309 
Tractor 23964 
Highlead 121 
Skyline 121 
Helicopter 8069 
Tractor 9064 
Highlead 328 
Skyline 328 
Helicopter 4841 
Tractor 4669 
Highlead 169 
Skyline 169 
Helicopter 2493 
Tractor 693 
Highlead 25 
Skyline 25 
Helicopter 371 
Tractor 140 
Highlead 5 
Skyline 5 
Ssliaopter 75 
Tractor 54019 
Highlead 92465 
Skyline 43799 
Helicopter 4380 
84 
85 
86 
87 
88 
89 
90 
91 
92 
Helicopter 
Helicopter 
Helicopter 
Helicopter 
Helicopter 
Helicopter 
None 
Helicopter 
Highlead 
19775 
15825 
13237 
32275 
14561 
7500 
225 
194663 
PA 
93 
94 
95 
96 
97 
98 
99 
100 
101 
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34. (Continued) 
80% River 
Basin Restriction 
Method 
of Harvest 
Commercial 
Acres 
Harvested 
80% Restriction 
plus Historic Pattern 
Commercial 
Method Acres 
of Harvest Harvested 
Tractor 87460 
Highlead 47975 
Skyline 11070 
Helicopter 1107 
Tractor 31461 
Highlead 13772 
Skyline 1137 
Helicopter 4169 
Tractor 26011 
Highlead 44525 
Skyline 21090 
Helicopter 2109 
Tractor 17489 
Highlead 195713 
Skyline 112430 
Helicopter 7495 
Tractor 4005 
Highlead 25749 
Skyline 25749 
Helicopter 35750 
Tractor 12021 
lîxglllcôd 6593 
Skyline 1522 
Helicopter 152 
Tractor 29392 
Highlead 13226 
Skyline 13226 
Helicopter 12935 
Tractor 27314 
Highlead 12291 
Skyline 12291 
Helicopter 20940 
Tractor 8317 
Highlead 3743 
Skyline 3743 
Helicopter 6376 
Highlead 
Highlead 
Highlead 
Highlead 
Helicopter 
Highlead 
Helicopter 
Helicopter 
Helicopter 
147612 
50539 
93735 
333127 
68785 
20288 
98476 
46605 
22179 
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Table 34. (Continued) 
Commercial Commercial 
Method Acres Method Acres 
PA of Harvest Harvested of Harvest Harvested 
102 
103 
104 
105 
None 
Helicopter 
Helicopter 
Helicopter 
1628 
2550 
3621 
Tractor 1676 
Highlead 754 
Skyline 754 
Helicopter 1284 
Tractor 610 
Highlead 275 
Skyline 275 
Helicopter 468 
Tractor 956 
Highlead 380 
Skyline 380 
Helicopter 834 
Tractor 1358 
Highlead 611 
Skyline 611 
Helicopter 1041 
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South Atlantic Gulf. Once again this emphasizes the need for environmental 
protection in the southern portion of the continental United States. 
Examining the acreage shifts in Table 34 resulting from the imposed 
river basin restrictions reveals that the largest acreage decrease is 
occurring in PA 14 of the South Atlantic Gulf. This basin has been re­
peatedly singled out in the forest model and the forest and agriculture 
model as a prime area requiring increased precautions for ensuring a 
quality environment. Only three PA's experienced both movements toward 
environmentally conscious harvest methods and decreases in the acreage 
harvested: PA 2 of the New England basins, PA 70 of the Texas Gulf basin, 
and PA 97 of the California North Pacific basin. These PA's are high­
lighted as marginal areas for timber harvesting in their respective basins. 
Table 35 displays the sediment patterns when both the acreage changes 
and method shifts are aggregated for the major river basins in the forest 
sector of the combined model of forestry and agriculture. It is evident 
that the most significant reductions in sediment occur in the southeast 
and southwest portions of the United States. Very little reduction is 
indicated for the major crop producing areas. The 80 Percent River Basin 
Restriction appears to be a fairly conscious environmental alternative 
when the forest sector is compared to the separate forest model alterna­
tive displayed in Table 25. The solution would be in the inelastic por­
tion curve presented in Figure 15, The implication that could be derived 
is that an 85 or 90 percent restriction for the river basin would yield 
a compromise solution that would closely approximate the theoretical 
Sediment/Cost solution of the forest model. 
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Table 35. Extraction of forest sediment data from the national model 
of forest and agriculture by river basin 
Unrestricted 80% 80% Restriction 
Minimum Cost River Basin plus 
River Basin. Solution Restriction Historic Pattern 
New England 4.22 3.23 3.48 
Mid Atlantic 4.95 3.91 4.18 
S. Atlantic-Gulf 52.78 46.12 47.58 
Great Lakes 2.36 2.11 2.16 
Ohio 6.64 6.32 5.77 
Tennessee 3.84 3.84 3.13 
Upper Mississippi 2.29 2.29 2.25 
Lower Mississippi 1.87 1.87 1.47 
SourIs-Red-Rainy .04 .04 .04 
Missouri 1.08 1.10 1.08 
Ark. -White-Red 2.03 2.03 1.88 
Texas-Gulf 2.20 2.14 2.12 
Rio Grande 1.75 1.75 1.74 
Upper Colorado .84 .76 .78 
Lower Colorado .36 .34 .34 
Great Basin 1.14 1.11 1.12 
Col.-N. Pacific 4.58 4.45 4.05 
California 47.30 37.60 40.90 
Total Sediment 
(Million tons) 140.25 121.04 124.07 
Total Cost 
(Billion dollars) 2,65 3.49 3.24 
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In summary, for the 80 Percent River Basin Restriction, it is 
evident that there are shifts in both the forest and the agriculture sec­
tors toward alleviating water quality deterioration. There are several 
types of shifts resulting from absolute and comparative advantage posi­
tions between the PA's, the cropping activities, the conservation and 
tillage practices, and the harvest methods. The trade-offs between agri­
culture and forestry are not as pronounced as expected. River basins 
with large areas in agriculture production meet the restrictions by 
shifts in agricultural practices and those heavily forested basins shift 
to advanced harvesting technologies to achieve the restriction levels. 
The elasticity relationship between sediment and cost for the separate 
agriculture sector is not extractable because of the erosion orientation 
of the agricultural model. A comparable solution for the agriculture 
sector [134] indicates that, without forestry included, the arc elasticity 
between the Minimum Cost and Minimum Sediment solution is -.195. This 
is only slightly more inelastic than the forest sector alone (-.225). 
In general, both arc elasticities are very unresponsive to change. No 
real competitive advantage is apparent between sectors; therefore, no 
strong trade-off is expected. 
80 Percent River Basin Restriction 
plus Historic Pattern 
The forest sector has been completely oriented in a normative , 
perspective up to this point. The intent of this solution is basically 
twofold: first, exogenously to specify the historical method of harvest 
to be undertaken in each PA and, second, to determine if the change in 
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the forest sector which Increases the sediment levels will have any Im­
pact on the agricultural sector. The shift to even more environmentally 
oriented practices is expected ^  priori to counteract the increase in the 
forest sector residual sediment loads. 
The programming orientation to achieve the historic patterns for 
the forest harvest is accomplished in two steps. The normative location 
of the acres of forest that are harvested in each PA is determined in the 
Unrestricted Minimum Cost alternative. The product of acres and percent 
of historic harvest methods yields the historic pattern location by PA. 
Seventy-five percent of this historic pattern is then exogenously con­
strained into the solution as well as the upper limits being set on the 
sediment flow in the river basin outlets to yield the 80 Percent River 
Basin Restriction plus Historic Pattern alternative. 
Agriculture changes with the 80 
Percent River Basin Restriction 
plus Historic Pattern 
The movements In the agriculture sector that were expected to occur 
to counteract the increased sediment produced from the forest sector did 
not occur. This absence of change could be the result of any of several 
problems. The interaction between the forest and agriculture sectors 
of the model is too weak to express impacts» improper model formulation, 
or the constraint set is too restrictive. It is suspected that both the 
weak interaction and the too restrictive constraints are working together 
to prohibit change. 
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The trade-off between the agriculture and forest sectors is only 
possible via the river network and the generation and transport of sedi­
ment. Development of coefficients to allow changes in land uses from 
forestry to agriculture and from agriculture to forestry would provide 
an alternative means for the trade-offs between the sectors to be re­
flected. This was attempted but eventually had to be abandoned due to 
extreme data deficiencies. 
The other possibility of the restraint set being too restrictive 
for the model is quite real. The transport activities for slightly less 
than one-fifth of the PA's became infeasible. This indicates insufficient 
flexibility to meet the constraints placed upon the PA's. An implication 
of this type of policy is that for many areas of the continental United 
States policy applied directly to agriculture land use will not impact 
upon the forest areas and vice versa. This is primarily due to the dif­
ference in location of the forests and the agriculture areas. Therefore, 
the river basin constraints may be the best means to simultaneously im­
pact upon both sources of pervasive externalities, i.e., the forest and 
agriculture sectors as nonpoint sources of suspended sediment. 
The forest sector impact of the 80 
Percent River Basin Restriction 
plus Historic Pattern 
Table 34 presents the results of the exogenous location of the forest 
harvest methods. The basic transition that occurs is that the historic 
patterns enters the solution and the previous solution method reenters 
to occupy the remaining 25 percent of the acres previously harvested-
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This solution has limited value except to display the mixture of harvest 
methods that are presently being used in the nation's forests. It also 
indicates that tractor logging is a dominant method for the present forest 
harvest; as shown, this method is more expensive and causes greater site 
disturbance than other available options. The problem then is convincing 
the public and the forest industry that the transition toward more environ­
mentally consistent methods benefits the forest operator as well as society 
in general. 
Table 34 displays the exogenous introduction of the historic pattern 
of forest harvest which results in higher levels of suspended sediment. 
The cost for the nation is reduced from 3.49 to 3.24 billion because of 
the movement away from the most expensive harvest method of helicopter 
logging. Helicopter logging entered the solution to meet the 80 Percent 
River Basin Restriction. 
The increased sediment production from the forest sector with the 
introduction of the historical pattern of harvesting was expected to be 
counteracted by shifts on the agriculture sector towards even greater 
soil protection activities. These shifts did not occur but rather in-
feasibillties resulted indicating that the agriculture sector was approach­
ing or had reached its most environmentally conscious activity pattern 
for meeting the national demand levels of commodities. 
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CHAPTER IX. GENERALIZED SUMMARY OF 
RESULTS AND IMPLICATIONS 
Deterioration of water quality has emerged as a prime area for 
concern in the environmentally conscious age of the 1970s. The impetus 
for cleaning up the environment provided by the public masses in conjunc­
tion with the awareness that nonpoint sources of sediment are pervasive 
pollutors has directed attention towards policy to achieve environmental 
objectives. Research conducted on agricultural land areas indicates that 
significant improvements can be made by adopting certain soil protecting 
management options. These options include the type of crops planted, the 
conservation activities and tillage practices actually implemented in the 
fields. 
Intensive work on the agricultural land areas yields the conclusion 
that although cropland is the greatest nonpoint contributor per acre, 
there are many areas in the continental United States where agriculture 
sources contribute less than 20 percent of the total sediment loads in the 
nation's rivers [134], Other nonpoint sources of sediment such as forest 
land and rangeland may contribute the bulk of the sediment residual for 
many of the major river basins located outside of the midwestern portion 
of the continental United States. It is hypothesized that the forest 
environment, with particular emphasis on the acres of forest land that 
are harvested annually, is a significant contributor to the pollution of 
the nation's river network. The development of the technical relationships 
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necessary to explain the physical nature of the forest environment and 
Its Interface with the quality characteristics of water are undertaken 
In this study. 
Suspended sediment Is Isolated as a key Indicator of water quality. 
The river basin network Is utilized as the accounting mechanism for deter­
mining the magnitude and extent of nonpolnt suspended sediment production 
from the forest ecosystem. An encompassing objective of this study Is 
to develop a model of the forest economy that Is capable of Interacting 
with the agricultural economy via the river basin network. Hypothetical 
policy alternatives may then be tested to determine the degree of trade­
off between production requirements and pollution for both the agricultural 
and forested land areas. The analysis Is conducted with a large-scale 
Interregional linear programming model capable of reflecting the decision 
parameters available to both the forest and agrl-lndustry that Impact 
upon crop and suspended sediment production. 
The Forese Model 
Regression techniques are used to quantify the underlying relationships 
between the site characteristics and the undisturbed rate of suspended 
sediment production from a forested environment. The impacts of forest 
fires and mass erosion events are also estimated with respect to their 
contributions to suspended sediment rates. The key management decision 
variables for the forest sector are the harvest methods employed to secure 
the timber product. The alternative methods of forest harvesting require 
various amounts of road construction and result In widely varying degrees 
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of site disturbance. The extent of the forest site that is disturbed, 
in turn, affects the quantities of sediment that are delivered to the 
nation's public water system. Thus, the forest ecosystem is a flexible 
resource that is capable of being managed for timber products and, 
simultaneously, reducing the sediment loads carried in the nation's rivers. 
The study explores four possible objective functions for society to 
determine the responsiveness between production and pollution while con­
currently fulfilling the nation's need for forest products. The four 
options examined for the forest model are; a) the Minimum Cost alterna­
tive—this is an unrestricted solution incorporating 1985 demand levels. 
The amount and spatial location of sediment production of the free market 
alternative is used as a basis for comparison with the alternative solu­
tions. b) the Minimum Sediment alternative—this is an extreme environ­
mentalist position that is designed to achieve the national demand levels 
but with the minimum level of environmental deterioration, c) the 
Sediment/Cost alternative—this solution is intended to locate alternative 
optima if a trough in the production surface exists. The solution minimizes 
sediment production subject to the cost level attained in the Minimum 
Cost alternative, d) the Cost/Sediment alternative—this is a reverse 
concept in that alternative cost positions are examined subject to the 
minimum sediment level attained in the Minimum Sediment solution. 
Harvest method and location 
Each alternative solution depicts a different scenario of harvest 
methods and acreages for the 105 PA's of the continental United States. 
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The Minimum Cost solution advocates high lead logging as does the Cost/ 
Sediment solution except for a few PA's in the western states. The 
Minimum Sediment solution supports helicopter logging as the method of 
least disturbance while the Sediment/Cost solution selects an inter­
esting mixture of all the alternatives except tractor logging. Tractor 
logging is the most widely used practice in the forest industry at the 
present time, but when road construction costs are included internally 
in the harvest methods, the tractor method creates the greatest disturbance 
and is only average in terms of cost per acre. A general pattern of 
adopting more environmentally sensitive harvesting practices or decreas­
ing the acreage in the southern river basins is apparent for all models 
with sediment as a part of the objective function. This implies that 
protection measures should be undertaken during the harvest process, 
especially in the southern tier of states. 
Sediment/Cost trade-off 
The competing goals of the costs of production and ssdisient prsduction 
are highlighted in the various solutions for the forest model. The arc 
elasticity on the trade-off curve indicates a wide range of responsive­
ness between the extreme Minimum Sediment and Minimum Cost positions. 
Substantial Improvemements can be made in the conservation or environmental 
position by a movement toward the Cost/Sediment solution away from the 
Minimum Cost endpoint. The improvement Is possible with little sacrifice 
in production efficiency. The arc elasticity of curve connecting these 
two solutions is -8.013 indicating a very elastic curve, whereas the 
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responsiveness drops off quickly between the other alternatives; to 
-.522 and then to -.060 as the Minimum Sediment solution is approached. 
Although information about society's preference function is not available 
for selecting the best combination, policy makers should be aided in making 
their decisions by the information provided on the localized trade-offs 
between the normative solutions. 
The Forest and Agriculture Model Linkage 
The encompassing objective behind the linkage of the established 
agricultural model and the newly developed forest model is to determine 
the extent of trade-off between the two sectors with respect to production 
patterns and pollution. The intent of the linkage is to determine if 
forestry and(or) agricultural activities shift in response to Imposed 
environmental restrictions. The linkage between the models and the trade­
off is simulated with three alternative solution: a) the Unrestricted 
alternative, where no restrictions are placed upon the sediment production 
patterns or transport mechanism; However, the quantity of suspended sedi­
ment is monitored in the free market solution to compare with the other 
alternatives, b) the 80 Percent River Basin Restriction, this alternative 
is designed to determine the degree of trade-off occurring between the 
sectors as nonpoint sources of sediment when environmental restrictions 
of 80 percent of the Minimum Cost sediment pattern is imposed upon the 
river basins, c) the 80 Percent River Basin Restriction plus Historic 
Pattern, this alternative interjects the historic forest harvest activities 
Into the 80 Percent River Basin solution. The intent is to determine if 
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the Imposed solution for the forest sector, which has higher sediment 
production rates, will be counteracted by shifts to more conservation 
oriented practices in the agricultural sector. 
The agriculture sector 
Comparison of the Unrestricted Minimum Cost solution and the 80 
Percent River Basin Restriction indicates that there is a transition 
away from the intensive margin of production, toward the extensive usage 
of additional acres. An additional 12.3 million acres of the endogenous 
commodities are brought into production with the introduction of the 80 
percent restriction. When the endogenous commodities are aggregated to 
major crop types such as row crops, close-grown crops, hay crops, and 
fallow where these categories may be differentiated according to erosion 
potential, it is apparent that there is a decrease in both the erosive 
row crops and the exposed fallow land areas. The greatest reduction in 
row crops are all located in the South, which support the contention that 
the most erosive land areas are located in the southern river basins. 
The 80 Percent River Basin Restriction Indicates general shifts 
toward conservation practices that provide additional soil protection. 
The national movements in acres are away from the erosive straight-row 
practice and slightly away from strip-cropping toward the protective prac­
tices of contour cropping and terraces. Within the decision options of 
the type of conservation activity to use chere is the additional deci­
sion of which tillage practice to adopt. As expected, conventional tillage 
with the residue removed from the field Is discarded in favor of the more 
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environmentally conscious practices of conventional tillage with the 
residue left on the field and the minimum tillage option. 
The forest sector 
There are two strong complimentary changes occurring in the forest 
sector with the addition of the river basin restriction. The first is a 
movement toward the environmentally sensitive harvest method of helicopter 
and skyline logging. The greatest shifts occur in the southern river 
basins. The second is that there are also acreage changes resulting from 
the imposed restriction. The acreage changes are also located in the 
southern river basins. The harvest method and acreage changes occurring 
in the southern river basins strongly indicate that these basins require 
Increased precautions to ensure a quality environment. Very few changes 
are indicated for the river basins in the major crop producing regions of 
the continental United States. 
When the forest sector of the combined model is compared to the 
previous alternatives of the forest model as a separate entity; it appears 
that the 80 Percent River Basin Restriction is a very environmentally 
conscious alternative. The solution would be located in the inelastic 
portion of the trade-off curve. This implies that an 85 or 90 percent 
restriction would yield a compromise solution between the alternative 
goals of enhancing environmental quality and efficiency of production. 
The final alternative with the imposed historical pattern of forest 
harvest practices indicates that the trade-offs between the agriculture and 
forest production systems are not very pronounced. River basins with large 
areas in agriculture production meet the restrictions primarily by shifts to 
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soil protecting agriculture practices and those heavily forested river 
basins shift toward advanced harvesting technologies to attain the re­
duced sediment production rates. Development of the potential for changes 
in the type of land use between the agriculture and forest sectors would 
provide an alternative means for the trade-offs between the sectors to 
be reflected. Due to the apparent lack of trade-off between the sectors, 
it appears that the river basin constraint type of policy implementation 
may be the best means to simultaneously impact upon both nonpolnt sources 
of suspended sediment. 
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XI. LAND BASE APPENDIX 
The purpose of this appendix is to familiarize the reader with the 
extent and breakdown of forest land in the contiguous United States. The 
land base was used extensively in this report to examine and quantify 
supply potential of U.S. forest land. The appendix contains information 
on the conversion coefficients used to develop the land base at a county 
level for those states lacking explicit county forest land data. 
States requiring conversion coefficients for allocating state resource 
base to county base are given in Table Al. The conversion coefficients 
were derived from the ratio of commercial forest land area in the county 
to the commercial forest land area in the state. If commercial forest 
data were not available by county, the coefficients were determined by 
using the ratio of total county land area to total state land area. The 
conversion coefficient times the state totals yield the necessary land 
base coefficients for those states with only state totals for the land 
base categories. These coefficients are presented in Table A2 and sum to 
unity for each state. Table Al indicates those states where additional 
data is available but not at a county level; these state's coefficients 
are presented in Table A3. The summation of the coefficients do not equal 
one, but rather the total number of acres of increased detail. 
The land base is broken down by county for all 3,069 counties in 
the United States. An example of this breakdown is counties 1-67 of 
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Alabama given in Table A4. The land base was constructed from resource 
bulletins published by the U.S. Forest Service. A list of these bulletins 
can be found in Table A5. 
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Table Al. States requiring conversion coefficients for allocating 
State resource base to county base 
Arizona New Mexico 
California New York* 
Colorado North Dakota 
Idaho Ohio 
Illinois Oregon* 
Indiana^ Pennsylvania 
Iowa* Souta Dakota 
Kansas Utah 
Michigan Vermont 
Minnesota Virginia 
Missouri* Washington* 
Montana* West Virginia 
Nebraska Wisconsin 
Nevada Wyoming 
^States with additional data allowing more detailed breakdown of 
areas instead of state totals. 
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Table A2. Conversion coefficients for each county exhibiting incomplete 
data 
County Area County Area County Area 
number rati® number ratio number ratio 
Arizona 
68 .1929 
69 .0354 
70 .2229 
71 .1060 
72 .0552 
73 .0356 
74 .0319 
75 .0456 
76 .0914 
77 .0264 
78 .0136 
79 .0211 
80 .1192 
81 .0030 
California 
157 .0025 
158 .0010 
159 .0022 
160 .0211 
161 .0037 
162 .0146 
163 .0025 
164 .0236 
165 .0217 
166 .0217 
167 .0167 
168 .0838 
169 .0014 
170 .0142 
171 .0297 
172 .0051 
173 .0159 
174 .0579 
175 ,0913 
176 .0078 
177 .0018 
178 .0053 
179 .0823 
180 .0072 
181 .0519 
182 .0043 
183 .0026 
184 .0026 
185 .0124 
186 .0003 
187 .0181 
188 .0326 
189 .0023 
190 .0125 
191 .0011 
192 .0065 
193 .0013 
194 .0002 
195 .0051 
196 .0026 
197 .0016 
198 .0021 
199 .0045 
200 .0003 
201 .0481 
202 .0121 
203 .1481 
204 .0029 
205 -0055 
206 .0055 
207 .0077 
208 .0377 
209 .0748 
210 .0176 
211 .0083 
212 .0006 
213 .0131 
214 .0081 
Colorado 
215 .0001 
216 .0011 
217 .0002 
218 .0378 
221 .0130 
222 .0191 
224 .0116 
225 .0159 
226 .0182 
228 .0124 
229 .0102 
231 .0201 
232 .0148 
233 .0378 
234 .0078 
235 .0207 
236 .0207 
237 .0315 
238 .0050 
239 .0487 
240 .0792 
241 .0272 
242 .0113 
243 .0314 
244 .0206 
247 .0088 
248 .0317 
249 .0498 
250 .0124 
252 .0008 
253 .0255 
254 .0240 
255 .0070 
256 .0187 
257 .0180 
258 .0008 
259 .0002 
260 .0092 
261 .0477 
263 .0209 
265 .0044 
266 .0280 
267 .0147 
268 .0548 
269 .0525 
270 .0059 
271 .0115 
228 
Table A2. (Continued) 
County Area County Area County Area 
number ratio number ratio number ratio 
Colorado (continued) 
272 .0008 
273 .0175 
274 .0178 
276 .0006 
Idaho 
516 .0616 
517 .0091 
518 .0144 
519 .0584 
520 .0045 
521 .0065 
522 .1283 
523 .1125 
524 .0397 
525 .0794 
526 .0078 
527 .0098 
529 .0282 
530 .0045 
531 = 0206 
532 .1762 
533 .0901 
534 .0446 
535 .0068 
536 .0677 
537 .0078 
539 .0488 
542 .0742 
543 .0474 
544 .1831 
545 .0095 
547 .0050 
549 .0147 
550 .0018 
551 .0040 
553 .0058 
554 .1776 
555 .0070 
556 .0008 
557 .1798 
558 .0119 
Illinois 
559 .0178 
560 .0170 
561 .0093 
562 .0008 
563 .0098 
564 .0069 
565 .0160 
566 .0053 
567 .0085 
568 .0013 
569 .0040 
570 .0178 
571 .0122 
572 .0136 
573 .0053 
574 .0000 
575 .0122 
576 .0098 
577 .0016 
578 .0024 
579 .0013 
580 .0029 
581 .0053 
582 .0144 
583 .0245 
584 . 0050 
585 .0003 
586 .0144 
587 .0234 
588 .0141 
589 .0144 
590 .0029 
591 .0141 
592 .0130 
593 .0144 
594 .0077 
595 = 0040 
596 .0037 
597 .0346 
598 .0114 
599 .0173 
600 .0141 
601 .0160 
602 .0215 
603 .0024 
604 .0032 
605 .0013 
606 .0122 
607 .0034 
608 .0080 
609 .0112 
610 .0027 
611 .0013 
612 .0024 
613 .0066 
614 .0037 
615 .0024 
616 .0027 
617 .0218 
618 .0141 
619 .0191 
620 .0061 
621 .0093 
622 .0106 
623 .0037 
624 .0064 
625 .0136 
626 .0125 
627 .0069 
628 .0027 
629 .0058 
630 .0104 
631 .0159 
632 .0013 
633 .0194 
634 .0373 
635 .0082 
636 .0034 
637 .0194 
638 .0098 
639 .0077 
640 .0152 
641 .0133 
642 .0061 
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County Area County Area County Area 
number ratio number ratio number ratio 
Illinois (continued) 
643 
644 
645 
646 
647 
648 
649 
650 
651 
652 
653 
654 
655 
656 
657 
658 
659 
660 
753 
754 
756 
757 
760 
763 
765 
766 
767 
769 
770 
772 
773 
776 
777 
778 
779 
781 
782 
784 
787 
788 
789 
Iowa 
.0157 
.0050 
.0165 
.0013 
.0029 
.0061 
.0234 
.0064 
.0051 
.0053 
.0136 
.0186 
.0096 
.0057 
.0053 
.0215 
.0042 
.0056 
.0069 
.0080 
.0286 
.0012 
.0206 
.uuzz 
.0012 
.0012 
.0034 
.0012 
.0046 
.0252 
.0034 
.0046 
.0195 
.0298 
= 0320 
.0286 
.0012 
.0022 
.0034 
.0137 
.0069 
791 
792 
793 
794 
795 
796 
798 
799 
800 
802 
803 
806 
807 
808 
810 
811 
812 
813 
814 
815 
816 
817 
819 
820 
821 
822 
823 
825 
826 
827 
828 
829 
830 
831 
832 
833 
835 
836 
837 
839 
840 
841 
842 
843 
.0286 
.0069 
.0012 
.0103 
.0320 
.0252 
.0022 
.0012 
.0206 
.0126 
.0206 
.0183 
.0022 
.0572 
.0252 
.0332 
.0022 
.0286 
.0172 
.0206 
.0091 
.0137 
.0252 
.0389 
.0046 
.0217 
= 0012 
.0080 
.0012 
.0057 
.0012 
.0115 
.0149 
.0080 
.0160 
.0012 
.0022 
.0012 
.0057 
.0103 
.0172 
.0412 
.0263 
.0263 
844 .0195 
845 .0172 
846 .0195 
849 .0149 
850 .0012 
851 .0034 
Kansas 
852 .0118 
853 .0177 
854 .0219 
855 .0051 
856 .0017 
857 .0354 
858 .0110 
859 .0143 
860 .0084 
861 .0337 
862 .0261 
863 .0017 
864 .0017 
865 .0067 
866 .0059 
867 .0126 
868 .0017 
869 .0160 
670 .0236 
871 .0025 
872 .0042 
873 .0286 
874 .0278 
875 - .0008 
876 .0135 
877 .0008 
878 .0025 
879 .0008 
880 .0008 
881 .0286 
882 .0084 
884 .0008 
886 .0008 
888 .0202 
889 .0017 
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County Area County Area County Area 
number ratio number ratio number ratio 
Kansas (continued) 
890 .0034 
891 .0025 
894 .0202 
895 .0379 
896 .0101 
897 .0211 
898 .0008 
899 .0042 
900 .0008 
901 .0211 
903 .0379 
904 .0025 
905 .0396 
907 .0110 
908 .0042 
909 .0177 
910 .0219 
912 .0354 
913 .0034 
914 .0253 
915 .0067 
916 .0008 
917 .0135 
918 .0194 
919 .0008 
920 .0042 
921 .0227 
922 .0042 
923 .0059 
924 .0017 
925 .0051 
926 .0202 
927 .0008 
928 .0017 
929 .0051 
930 .0110 
931 .0042 
932 .0236 
933 .0008 
935 .0008 
936 .0042 
938 .0059 
939 .0008 
940 .0168 
941 .0008 
943 .0025 
944 .0025 
946 .0008 
947 .0093 
950 .0160 
952 .0168 
954 .0227 
955 .0152 
956 .0093 
Michigan 
1194 .0171 
1195 .0284 
1196 .0079 
1197 .0111 
1198 .0098 
1199 .0056 
1200 .0283 
1201 .0050 
1202 .0026 
1203 .0064 
1204 .0037 
1205 .0030 
1206 .0052 
1207 .0037 
1208 .0086 
1209 .0178 
1210 .0405 
1211 .0121 
1212 .0024 
1213 .0161 
1214 .0330 
1215 .0237 
1216 .0030 
1217 .0097 
1218 .0030 
1219 .0099 
1220 .0341 
1221 .0085 
1222 .0026 
1223 .0037 
1224 .0297 
1225 .0033 
1226 .0031 
1227 .0034 
1228 .0128 
1229 .0368 
1230 .0051 
1231 .0051 
1232 .0042 
1233 .0143 
1234 .0068 
1235 .0113 
1236 .0157 
1237 .0042 
1238 .0055 
1239 .0034 
1240 .0049 
1241 .0278 
1242 .0297 
1243 .0024 
1244 .0117 
1245 .0580 
1246 .0084 
1247 .0078 
1248 .0271 
1249 .0090 
1250 .0120 
1251 .0018 
1252 .0071 
1253 .0152 
1254 .0089 
1255 .0164 
1256 .0073 
1257 .0079 
1258 .0127 
1259 .0385 
1260 .0093 
1261 .0159 
1262 .0133 
1263 .0047 
1264 .0153 
1265 .0143 
1266 .0052 
1267 .0042 
1268 .0030 
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County Area County Area County Area 
number ratio number ratio number ratio 
Michigan (continued) 
1269 .0037 
1270 .0339 
1271 .0023 
1272 .0056 
1273 .0053 
1274 .0044 
1275 .0020 
1276 .0117 
Minnesota 
1277 .0498 
1278 .0036 
1279 .0226 
1280 .0582 
1281 .0016 
1282 .0002 
1283 .0018 
1284 .0009 
1285 .0215 
1286 .0014 
1287 .0589 
1288 .0005 
1289 .0031 
1290 .0012 
1291 .0216 
1292 cOA16 
1293 .0004 
1294 .0263 
1295 .0020 
1296 .0005 
1297 .0025 
1298 .0008 
1299 .0049 
1300 .0009 
1301 .0037 
1302 .0003 
1303 .0018 
1304 .0067 
1305 .0258 
1306 .0030 
1307 .0827 
1308 .0004 
1309 .0090 
1310 .0012 1355 .0030 
1311 .0055 1356 .0076 
1312 .0923 1357 .0006 
1313 .0005 1358 .0016 
1314 .0647 1359 .0003 
1315 .0309 1360 .0001 
1316 .0017 1361 .0057 
1317 .0003 1362 .0025 
1318 .0004 1363 .0006 
1319 
1320 
.0006 
.0074 Nebraska 
1321 .0089 1617 .0010 
1322 .0004 1618 .0127 
1323 .0009 1620 .0166 
1324 .0077 1621 .0039 
1325 .0117 1622 .0059 
1326 .0005 1624 .0156 
1327 .0003 1625 .0205 
1328 .0010 1626 .0098 
1329 .0002 1627 .0088 
1330 .0018 1628 .0039 
1331 .0028 1629 .0235 
1332 .0136 1630 .0127 
1333 .0021 1631 .0010 
1334 .0269 1632 .0352 
1335 .0001 1634 .0010 
1336 .0044 1635 .0049 
1337 .uOlO 1636 .0065 
1338 .0004 1637 .0098 
1339 .0022 1638 .0088 
1340 .0006 1639 .0518 
1341 .0008 1640 .0166 
1342 .0013 1641 .0020 
1343 .0001 1642 .0108 
1344 .0159 1643 .0079 
1345 .1878 1644 .0068 
1346 .0014 1645 .0049 
1347 .0025 1646 .0020 
1348 = 0014 1647 .0049 
1349 .0046 1648 .0010 
1350 .0006 1649 .0079 
1351 .0002 1650 .0166 
1332 .0005 1651 .0039 
1353 .0075 1652 .0059 
1354 .0002 1653 .0020 
Table A2. (Continued) 
County Area County Area County Area 
number ratio number ratio number ratio 
Nebraska (continued) 
1655 .0020 
1656 .0039 
1657 .0020 
1658 .0088 
1659 .0020 
1660 .0059 
1661 .0674 
1662 .0020 
1663 .0049 
1664 .0098 
1665 .0068 
1667 .0108 
1668 .0362 
1670 .0401 
1671 .0068 
1672 .0352 
1674 .0049 
1676 .0059 
1677 .0127 
1678 ,0137 
1679 .0029 
1680 .0205 
1681 .0108 
1682 .0156 
1683 .0156 
1684 .0010 
1685 .0039 
1686 .0029 
1687 .0068 
1688 .0049 
1689 .0068 
1690 .0156 
1691 .0108 
1692 .0108 
1693 .0127 
1694 .0088 
1695 .0156 
1696 .0059 
1697 .0557 
1698 .0029 
1699 .0587 
1700 .0059 
1701 .0049 
1702 .0137 
1703 .0186 
1704 .0059 
1705 .0108 
1706 .0010 
1707 .0039 
1708 .0059 
1709 .0020 
Nevada 
1711 .0234 
1712 .1641 
1722 .0703 
1725 .7422 
New Mexico 
1758 .0089 
1759 .1425 
1760 .0005 
1761 .1062 
1764 .0002 
1765 .0012 
1766 .0177 
1769 .0120 
1771 .0485 
1774 .0415 
1775 .0295 
1776 .0787 
1778 .1662 
1780 .0507 
1781 .0131 
1782 .0578 
1783 .0160 
1784 .0064 
1785 .0549 
1786 .0788 
1787 .0164 
1788 .0027 
1789 .0593 
North Dakota 
1953 .0049 
1954 .0246 
1955 .0222 
1956 .1453 
1958 .0025 
1959 .0197 
1960 .0320 
1961 .0640 
1964 .0517 
1965 .0049 
1967 .0025 
1969 .0296 
1970 .0025 
1971 .0099 
1974 .0074 
1976 .0271 
1977 .0025 
1978 .0296 
1979 .0099 
1980 .0049 
1981 .0049 
1983 .0025 
1985 .1010 
1987 .0099 
1988 .0296 
1990 .0148 
1991 .2291 
1992 .0099 
1995 = 0148 
1997 .0148 
1998 .0123 
1999 .0025 
2000 .0123 
2001 .0345 
2002 .0025 
Ohio 
2005 .0295 
2006 .0024 
2007 .0070 
2008 .0190 
2009 .0340 
2010 .0237 
2011 -0248 
2012 .0122 
2013 .0058 
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County 
number 
Area 
ratio 
County Area County Area 
nun&er ratio number ratio 
2056 .0074 2210 .0259 
2057 .0264 2211 .0099 
2058 .0237 2212 .0132 
2059 .0017 2213 .0189 
2060 .0291 2214 .0059 
2061 .0028 2215 .0151 
2062 .0182 2216 .0166 
2063 .0052 2217 .0145 
2064 .0275 2218 .0012 
2065 .0182 2219 .0328 
2066 .0011 2220 .0070 
2067 .0028 2221 .0160 
2068 .0210 2222 .0350 
2069 .0021 2223 .0284 
2070 .0267 2224 .0111 
2071 .0130 2225 .0178 
2072 .0035 2226 .0063 
2073 .0237 2227 .0093 
2074 .0085 2229 .0282 
2075 .0267 2230 .0133 
2076 .0237 2231 .0190 
2077 .0411 2232 .0151 
2078 .0038 2233 .0116 
2079 .0036 2234 .0112 
2080 .0066 2235 .0111 
2081 .0093 2236 .0243 
2082 .0153 2237 .0168 
2083 .0246 2238 .0189 
2084 .0028 2239 .0096 
2085 .0016 2240 .0103 
2086 .0306 2241 .0059 
2087 .0046 2242 .0054 
2088 .0397 2243 .0037 
2089 .0074 2244 .0030 
2090 .0043 2245 .0246 
2091 .0021 2246 .0385 
2092 .0028 2247 .0344 
Pennsylvania 2248 
2249 
.0096 
.0103 
2206 .0066 2250 .0184 
2207 .0103 2251 .0036 
2208 .0126 2252 .0022 
2209 .0075 2253 .0040 
Ohio (continued) 
2014 .0178 
2015 .0032 
2016 .0021 
2017 .0142 
2018 .0028 
2019 .0153 
2020 .0234 
2021 .0035 
2022 .0066 
2023 .0035 
2024 .0044 
2025 .0033 
2026 .0030 
2027 .0057 
2028 .0011 
2029 .0025 
2030 .0027 
2031 .0251 
2032 .0134 
2033 .0030 
2034 .0224 
2035 .0066 
2036 .0036 
2037 .0027 
2038 .0218 
2039 .0017 
2040 .0130 
2041 .0311 
2042 .0147 
2043 .0071 
2044 .0223 
2045 .0232 
2046 .0100 
2047 .0066 
2048 .0329 
2049 .0100 
2050 .0041 
2051 .0068 
2052 .0035 
2053 .0016 
2054 .0085 
2055 .0019 
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Pennsylvania (continued) 
2254 .0095 
2255 .0129 
2257 .0180 
2258 .0367 
2259 .0206 
2260 .0065 
2261 .0261 
2262 .0154 
2263 .0158 
2264 .0310 
2265 .0062 
2266 .0216 
2267 .0291 
2268 .0132 
2269 .0168 
2270 .0185 
2271 .0082 
2272 .0090 
South Dakota 
2332 .0040 
2339 .2871 
2346 .0454 
2354 .0128 
2363 .2656 
2369 .0486 
2374 .3246 
Utah 
2740 .0204 
2741 .0044 
2742 .0412 
2743 ,0326 
2744 .0332 
2745 .0008 
2746 .0774 
2747 .0263 
2748 .1169 
2749 .0401 
2750 .0481 
2751 .0091 
2752 .0160 
2753 .0091 2794 .0161 
2754 .0111 2795 .0181 
2755 .0171 2796 .0178 
2756 .0133 2797 .0178 
2757 .0077 2798 .0144 
2758 .0326 2799 .0171 
2759 .0395 2800 .0109 
2760 .0500 2801 .0055 
2761 .1199 2802 .0128 
2762 .0086 2803 .0140 
2763 .0591 2804 .0021 
2764 .0379 2805 .0104 
2765 .0807 2806 .0070 
2766 .0191 2807 .0081 
2767 .0163 2808 .0112 
2768 .0116 2809 .0156 
Vermont 2810 ,0063 
2811 .0070 
2769 .0619 2812 .0111 
2770 .0850 2813 .0082 
2771 .0647 2814 .0078 
2772 .0459 2815 .0190 
2773 .0913 2816 .0095 
2774 .0494 2817 .0104 
2776 .0577 2818 .0062 
2777 .0750 2819 .0082 
2778 .0/5Z 2820 .0101 
2779 .1008 2821 .0031 
2780 .0820 2822 .0087 
2781 .0992 2823 .0216 
2782 .1120 2824 .0128 
Virginia 2825 
2826 
.0055 
.0109 
2783 .0062 2827 .0119 
2784 .0169 2828 .0075 
2785 .0144 2829 .0044 
2786 .0108 2830 .0100 
2787 .0132 2831 ,0051 
2788 .0101 2832 .0082 
2790 .0186 2833 .0029 
2791 .0173 2834 .0102 
2792 .0194 2835 .0063 
2793 .0115 2836 .0147 
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Area 
ratio' 
Virginia (continued) 
2837 
2838 
2839 
2840 
2841 
2842 
2843 
2844 
2845 
2846 
2847 
2848 
2849 
2850 
2851 
2852 
2853 
2854 
2855 
2856 
2857 
2858 
2859 
2860 
2861 
2862 
2863 
2864 
2865 
2866 
2867 
2868 
2869 
2870 
2871 
2872 
2873 
2874 
2875 
2876 
2877 
2878 
.0128 
.0058 
.0019 
.0157 
.0034 
.0101 
.0106 
.0143 
.0068 
.0020 
.0049 
.0083 
.0082 
.0054 
.0145 
.0250 
.0078 
.0097 
.0080 
.0068 
.0070 
.0042 
.0051 
.0073 
.0151 
.0151 
.0101 
.0138 
.0106 
.0107 
.0162 
.0122 
.0080 
.0086 
.0157 
.0127 
.0045 
.0115 
.0054 
#0133 
.0096 
.0028 
2879 .0088 2960 .0270 
2961 .0688 
West Virginia 2962 .0172 
2920 .0115 2963 .0174 
2921 .0085 2964 .0152 
2922 .0260 2965 .0048 
2923 .0188 2966 .0200 
2924 .0023 2967 .0091 
2925 .0115 2968 .0115 
2926 .0129 2969 .0227 
2927 .0162 2970 .0269 
2928 .0125 2971 .0162 
2929 .0313 2972 .0095 
2930 .0154 2973 .0128 
2931 .0191 2974 .0259 
2932 .0449 
Wisconsin 2933 .0250 
2934 .0028 2975 .0173 
2935 .0250 2976 .0363 
2936 .0099 2977 .0105 
2937 .0165 2978 ,0534 
2938 .0029 2979 .0025 
2939 .0427 2980 .0114 
2940 .0118 2981 .0219 
2941 .0198 2982 .0018 
2942 .0234 2983 .0145 
2943 .0270 2984 .0191 
2944 .0112 2985 .0056 
2945 .0104 2986 .0090 
2946 .0148 2987 .0052 
2947 .0169 2988 .0030 
2948 .0139 2989 .0066 
2949 .0220 2990 .0420 
2950 .0119 2991 .0096 
2951 .0184 2992 .0108 
2952 .0096 2993 .0180 
2953 .0304 2994 .0034 
2954 .0031 2995 .0363 
2955 .0299 2996 .0102 
2956 .0052 2997 .0021 
2957 .0410 2998 .0019 
2958 .0234 2999 .0083 
2959 .0159 3000 .0257 
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Table A3. Conversion coefficients utilized when more detailed data on 
area delineations were available 
County Area County Area County Area 
number ratio number ratio number ratio 
667 Indiana .0752 775 .0410 1472 .0252 
670 .0520 780 .0291 1473 .0786 
671 .0634 783 .0632 1474 .0201 
673 .0639 785 .0462 1475 .0656 
674 .0502 786 .0120 1476 .0165 
675 .0199 790 .0017 1477 .0072 
679 .0549 797 .0103 1478 .0754 
682 .0209 801 .0957 1479 .1064 
686 .0586 804 .0325 1480 .0095 
688 .1196 805 .0462 1481 .1114 
691 .0741 809 .0479 1482 .0730 
696 .0690 818 .0085 1483 .0134 
702 .0467 834 .0171 1484 .0304 
707 .0713 838 .0325 1485 .0134 
711 .1378 848 .0667 1486 .0232 
713 
715 
.0758 
.0520 Missouri 
1487 
1488 
.0201 
.0521 
719 .0667 1446 .0252 1489 .0098 
720 .0645 1447 .0082 1490 .0299 
721 .1077 1448 .0072 1491 .1168 
722 .0809 1449 .0149 1492 .0698 
723 .0957 1450 .0792 1493 .0118 
725 .0502 1451 .0134 1494 .0237 
727 .0849 1452 .0258 1495 .1029 
732 .0255 1453 .0870 1496 .0263 
734 .0385 1454 .0495 1497 .01/0 
737 .0646 1455 .0522 1498 .1016 
742 .0239 1456 .0103 1499 .0113 
743 .0419 1457 .0411 1500 .0252 
744 .0598 1458 .0093 1501 .0247 
747 .0424 1459 .0835 1502 .0407 
748 .0735 1460 .1109 1503 .0155 
Iowa 1461 .0413 1504 .0155 
1462 .0139 1505 .0723 
755 .1709 1463 .0617 1506 .0325 
758 .0256 1464 .0180 1507 .0558 
759 .0171 1465 .0375 1508 ,0714 
761 .0205 1466 .0216 1509 .0216 
762 .0171 1467 .0558 1510 .0149 
764 .0154 1468 .0273 1511 .0792 
768 .0256 1469 .0113 1512 .0062 
771 .0137 1470 .0098 1513 .0284 
774 .1402 1471 .0370 1514 .0263 
Table A3. (Continued) 
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County Area County Area County Area 
number ratio number ratio number ratio 
Missouri (continued) 1530 .0917 1574 .1767 
1515 
1516 
1517 
1518 
1519 
1520 
1521 
1522 
1523 
1524 
1525 
1526 
1527 
1528 
1529 
1530 
1531 
1532 
1533 
1534 
1535 
1536 
1537 
1538 
1539 
1 e/.A 
.0484 
.0844 
.0076 
.0450 
.0129 
.0774 
.0806 
.1021 
.0057 
.0493 
.0211 
.1109 
.0474 
.0165 
.0432 
.0917 
.0211 
.0242 
.0252 
.0196 
1531 .0211 1575 .0679 
1532 .0242 1576 .0190 
1533 .0252 1577 .0231 
1534 .0196 1578 .0080 
1535 .1036 1579 .0715 
1536 .0661 1580 .0057 
1537 .0327 1581 .0375 
1538 .0641 1582 .0049 
1539 .1565 1583 .0441 
1540 .0313 1584 .0608 
1541 .0721 1585 .0023 
1542 .0160 1586 .2075 
1543 .0072 1587 .0019 
1544 .0108 1588 .0428 
1545 .0085 1589 .0440 
1546 .1168 1590 .0660 
1547 .0180 1591 .1282 
1548 .0218 1592 .0663 
1549 .0537 1593 .0406 
1550 .0201 1594 .0091 
1551 .0857 1595 .0159 
.1036 
.0661 
.0427 
.0641 
.0345 
a 
1552 .1614 1596 .0061 
1553 .0330 1597 .0292 
1554 .0583 1598 .0672 
1555 .0869 1601 .0038 
1556 .0830 1602 .0030 
1541 
1542 
1543 
1544 
.0721 
.0160 
.0072 
.0108 
1557 .0519 1603 .0569 
1558 .0067 1604 .1153 
1559 .0701 1606 
1607 
.0136 
.0129 
1545 
1546 
.0085 
.1168 
Montana 
1560 .0364 
1608 
1609 
1610 
1611 
1612 
1613 
1615 
.0205 
.0068 
.0027 
.0099 
.0072 
.0019 
.0186 
1547 .0180 1561 .0754 
1548 .0218 1562 .0171 
1549 .0537 1563 .0118 
1550 .0201 1564 .0114 
1551 .0857 1565 ,0076 
1552 .1614 1566 .0208 
New York 1553 .0330 1567 .0057 
1554 .1109 1568 .0186 1790 .105 
1527 .0474 1570 .0034 1791 .247 
1528 .0165 1571 .0150 1793 .112 
1529 .0432 1573 .0777 1794 
1795 
.282 
.069 
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Table A3. (Continued) 
County Area 
number ratio 
New York (continued) 
1796 .210 
1797 .065 
1798 .140 
1799 .180 
1800 .165 
1801 .073 
1802 .257 
1803 .122 
1804 .108 
1805 .455 
1806 .261 
1807 .117 
1808 .049 
1809 .108 
1810 .283 
1811 .265 
1812 .125 
1814 .377 
1815 .057 
1816 .102 
1817 .033 
1818 .051 
1821 .031 
1822 .241 
1823 .086 
1824 .062 
1825 .116 
1826 .026 
1827 .206 
1828 .154 
1829 .041 
1831 .197 
1832 .020 
1834 .433 
1835 .254 
1836 ,037 
183? . ICQ 
1838 .051 
1840 .262 
County Area 
number ratio 
County Area 
number ratio 
1841 .081 2200 .1428 
1842 .205 2201 .1546 
1843 .081 2202 .0662 
1844 .067 2203 .0630 
1845 .186 2204 .0499 
1846 .262 2205 .0640 
1847 
1848 
.192 
.051 Washington 
1849 .040 2882 .0140 
1850 .061 2884 .1707 
1851 .040 2885 .2203 
Oregon 2886 2887 
.0583 
.0317 
2170 .1251 2888 .1728 
2171 .0638 2890 .2821 
2172 .2228 2892 .0165 
2173 .1168 2894 .3465 
2174 .0842 2895 .0233 
2175 .1265 2896 .1700 
2176 .0681 2897 .2209 
2177 .1102 2898 .0518 
2178 .1436 2899 .1499 
2179 .4005 2900 .1151 
2181 .3356 2901 .3289 
2182 .0905 2902 .0196 
2183 .0599 2903 .1494 
2184 .1892 2904 .3702 
2185 .0558 2905 .1392 
2186 .1152 2906 .1976 
2187 .3893 2907 .1691 
2188 .1934 2909 .1718 
2189 .5486 2910 .2451 
2190 .1352 2911 .2048 
2191 .2249 2912 .1036 
2192 .0015 2913 .3291 
2193 .0862 2914 .0908 
2194 .0434 2915 .0376 
2195 .0281 2916 .0033 
2196 .0685 2917 .1318 
2198 .1611 2918 .0023 
2199 .1005 2919 .1922 
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Table A3. (Continued) 
County Area ^  County Area ^ County Area ^ 
number ratio number ratio number ratio 
Washington (continued) 
3001 .0238 
3002 .0022 
3003 .0165 
3004 .0007 
3005 .0021 
3006 .0065 
3007 .0024 
3008 .0263 
3009 .0274 
3010 .0041 
3011 .0257 
3012 .0447 
3013 .0069 
3016 .0150 
3017 .0246 
3018 .0390 
3019 .0047 
3020 .0010 
3021 .0030 
3022 .0043 
3023 .0150 
3024 .0110 
3025 .0418 
3026 .0010 
3027 .0071 
3028 .0021 
3029 .0226 
3030 .0034 
3031 .0105 
3032 .0428 
3033 .0334 
3034 .0032 
3035 .0254 
3036 .0075 
3037 .0096 
3038 .0296 
3039 .0018 
3040 .0235 
3041 .0025 
3042 .0032 
3043 .0113 
3044 .0081 
3045 .0014 
3046 .0149 
Wyoming 
3047 .1112 
3048 .0439 
3049 .0095 
3050 .1723 
3051 .0393 
3052 .1453 
3053 .0599 
3054 .0009 
3055 .0172 
3056 .0737 
3057 .0018 
3058 .0673 
3059 .0120 
3060 .0025 
3061 .0227 
3062 .0043 
3063 .0795 
3064 .0759 
3065 .0759 
3065 .0012 
3066 .0554 
3067 .0224 
3068 .0132 
3069 .0421 
Table A4. Land base for Alabama by county in acres 
County Total Forest Other Saw 
number area Commercial Service Public Private Timber 
1 387 254 - 2 252 118 
2 1068 702 - 6 696 269 
3 575 385 - 16 369 132 
4 400 333 61 4 268 83 
5 412 246 - 7 239 95 
6 394 232 - - 232 75 
7 495 371 - - 371 156 
8 392 242 15 52 175 65 
9 383 270 - 1 269 43 
10 384 215 - — 215 41 
11 451 296 21 1 274 57 
12 591 504 - 4 500 180 
13 803 722 - 8 714 386 
14 386 313 65 2 246 59 
15 367 313 79 2 232 89 
16 433 242 - 10 232 76 
17 404 222 - 11 211 23 
18 544 428 - - 428 183 
19 422 354 - 5 349 72 
20 662 450 54 2 394 168 
21 391 275 = - 275 98 
22 476 257 - 1 256 63 
23 358 226 - 34 192 66 
24 630 314 5 2 307 99 
25 498 246 - 6 240 56 
26 422 243 - 2 241 43 
27 618 490 32 4 454 217 
28 355 177 - 1 176 37 
29 401 307 - 7 300 69 
30 412 265 2 1 262 15 
31 370 159 - 7 152 37 
32 421 235 - 2 233 123 
33 424 248 28 3 217 105 
34 362 209 - 1 208 61 
35 371 108 - 1 107 26 
36 727 437 — 15 422 157 
37 718 459 - 12 447 101 
38 387 285 - — 285 57 
39 460 154 - 4 150 44 
40 454 204 89 2 113 39 
41 396 264 - 5 259 82 
42 380 78 - 6 72 33 
43 460 224 - 2 222 90 
44 394 218 10 2 206 57 
241 
Seedlings, 
saplings. Non- 120 + Other Hard-
poles stocked 20-49 50-84 85-115 Aspen conifers wood 
136 - 24 112 94 24 136 118 
424 9 50 444 188 20 342 360 
242 11 - 83 187 115 193 192 
250 - 31 166 125 11 156 177 
151 - 25 164 38 19 82 164 
157 - - 86 108 38 97 135 
209 6 6 128 156 81 151 220 
177 - 41 106 83 12 77 165 
227 - 5 140 103 22 146 124 
174 - 12 157 40 6 99 116 
239 - 21 125 88 62 83 213 
324 - - 114 276 114 186 318 
336 - 17 185 291 229 308 414 
254 - 43 173 86 11 108 205 
224 - 30 236 41 6 136 177 
159 7 7 69 131 35 62 180 
199 - 6 154 51 11 17 205 
239 6 - 13 157 258 132 296 
282 - 30 198 108 18 162 192 
276 6 6 150 162 132 216 234 
171 6 6 141 116 12 73 212 
194 - 17 171 69 — 97 160 
154 6 11 121 66 28 72 154 
215 - - 44 171 99 104 210 
190 - 61 168 17 - 84 162 
200 — 11 113 103 16 81 162 
273 - 23 245 177 45 268 222 
140 - 24 98 49 6 61 116 
233 5 21 164 111 11 127 180 
250 - 25 115 105 20 55 210 
122 - 16 69 69 5 37 122 
112 - 15 61 138 21 61 174 
143 - - 68 137 43 74 174 
148 - 5 46 133 25 87 122 
82 - 9 51 39 9 47 61 
280 - 117 252 62 6 17 420 
358 - 6 129 246 78 218 241 
228 - 29 148 91 17 63 222 
110 - 16 72 66 — 6 148 
165 - 33 138 33 — 38 166 
176 6 33 115 72 44 154 110 
45 - - 29 37 12 4 74 
129 5 - 39 140 45 62 162 
161 - - 109 73 36 57 161 
Table A4. (Continued) 
County Total Forest Other Saw 
number area Commercial Service Public Private Timber 
45 518 180 - 18 162 48 
46 626 403 - 1 402 159 
47 476 348 - 3 345 47 
48 401 174 - 13 161 67 
49 818 523 - 24 499 126 
50 667 509 - 3 506 201 
51 509 171 - 1 170 65 
52 380 158 - 8 150 45 
53 470 286 33 - 253 127 
54 568 428 - - 428 148 
55 431 251 - - 251 80 
56 372 270 - - 270 76 
57 410 268 - 8 260 85 
58 414 311 - 1 310 66 
59 517 400 - 13 387 116 
60 590 391 - 1 390 192 
61 485 291 42 9 240 73 
62 492 370 - 1 369 90 
63 863 696 9 10 677 206 
64 518 369 - 15 354 114 
65 687 622 - 1 621 250 
66 581 422 - 4 418 217 
67 405 319 86 2 231 97 
dlla 
pliii 
oies 
132 
244 
301 
107 
378 
308 
106 
113 
159 
280 
165 
194 
177 
245 
278 
199 
218 
280 
490 
255 
372 
205 
222 
Hard 
wood 
162 
251 
248 
124 
290 
377 
12,4 
122 
180 
251 
166 
148 
73 
204 
255 
273 
190 
252 
425 
197 
360 
279 
182 
243 
Non- 120 + Other 
stocked 20-49 50-84 85-115 Aspen conifers 
- 42 78 30 30 18 
— 
- 73 205 125 152 
- 18 183 124 23 100 
— 17 84 62 11 50 
19 107 296 107 13 233 
- 80 164 164 101 132 
- 6 41 106 18 47 
- 14 50 90 4 36 
- 11 100 101 74 106 
- 29 177 205 17 177 
6 6 80 165 - 85 
- 15 148 97 10 122 
6 12 98 122 36 195 
- 15 143 117 36 107 
6 23 151 174 52 145 
- 19 99 174 99 118 
- 51 190 50 - 101 
- 50 191 101 28 118 
- 83 324 224 65 271 
- 5 146 145 73 172 
— 18 299 250 55 262 
- 6 165 188 63 143 
- 6 188 114 11 137 
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Table A5. Land base bibliography by USDA Forest 
Service Resource Bulletin numbers. 
USDA Forest Service 
Resource Bulletin Number 
2 SE - 22 SO - 49 INT - 8 
7 24 53 10 
8 25 54 PSW - 4 
9 32 61 5 
12 LS - 3 PNW- 7 
19 NC - 1 8 
20 4 10 
26 7 15 
32 9 24 
34 15 26 
43 CS - 2 31 
44 SO - 22 35 
48 26 36 
49 27 40 
5 29 45 
8 33 50 
9 35 53 
10 37 56 
12 38 57 
13 39 65 
14 40 66 
15 42 72 
ID 43 73 
17 44 INT- 1 
19 45 4 
20 46 5 
21 48 6 
